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Patch-Antenna-Based Structural Strain Measurement
Using Optimized Energy Detection

Algorithm Applied on USRP
Guo Chun Wan , Member, IEEE, Meng Meng Li , Yu Lu Yang, Liyu Xie , Member, IEEE, and Lan Chen

Abstract—A new structural health monitoring (SHM) program
using spectrum sensing and radio-frequency identification tech-
nology is presented to measure structural strain. The proposed
program involving universal software radio peripheral (USRP)
provides an economical alternative to these type of measure-
ments as compared to high-end equipment while this method
can achieve more flexible data processing. The overall system
for strain detection consists of three main parts: 1) a patch
antenna as the sensor for strain; 2) an USRP as a measur-
ing instrument; 3) a computer for data processing. The patch
antenna can be used to measure structural strain by interrogat-
ing resonant frequency shift due to changes in antenna length.
In this article we use the optimized energy detection algorithm
applied on USRP to detect the spectrum of the patch antenna,
the final measurement results show that the patch antenna sensor
has a strain sensitivity 1.7678 kHz/µε while the error between
the measured value and the true value of the stress is 2.443%
after corrected by machine learning.

Index Terms—Energy detection, machine learning, strain mea-
surement, universal software radio peripheral (USRP).

I. INTRODUCTION

STRUCTURAL health monitoring (SHM) is the integration
of sensor technologies and the Internet of Things (IoT)

to implement automatic detection systems of structural dam-
ages on mechanical and civil infrastructures [1]–[3]. Real-time
SHM is becoming more and more important to ensure the
safe and reliable operation of large structures, such as aircraft,
hydroelectric power stations, dams, bridges, steel buildings
and skyscrapers. The modern trend is to use wireless sen-
sor systems in SHM to avoid high installation costs and the
inconveniences inherent to wired sensor systems [4]. If the
antenna is tightly fixed on the structure to be monitored, the
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strain on the structure will be transferred to the antenna, which
then changes its dimensions and hereby its resonant frequency.
Therefore, the strain state of the radio-frequency identifica-
tion (RFID) patch antenna can be calculated by using RF
excitation to detect the changes in the characteristic parameters
of the RFID antenna. Using RFID patch antenna as a strain
sensor for SHM can overcome the shortcomings of traditional
detection methods, such as complicated wiring, difficulties in
data transmission and analysis, and poor flexibility. As a new
type of strain sensor, RFID patch antenna plays an important
role in the strain sensor and has a good application prospect
in the field of SHM. The RFID patch antenna can be used not
only as a transmitting and receiving unit for wireless trans-
mission of electromagnetic waves but also as a sensing unit
for strain. Moreover, the sensor can be passive, wireless, and
it is portable, simple, cheap, and reliable [4]–[6].

In 2002, Mita et al. designed a simple and low-cost passive
strain sensor [5]–[7] which can monitor the peak displacement
of key components. In 2004, Damiano and Timothy proved
that the deformation of the RFID tag will cause changes
in its backscattering intensity. According to this principle,
a method for wirelessly measuring deformation of a target
object is obtained. Then, a design of tag antennas with RFID
chips applied to wireless strain sensors was proposed and
discussed [8]. Occhiuzzi et al. [9] proposed and designed
a strain sensor based on a folded RFID antenna in 2011.
The limitation of this method is that the structure of the
antenna proposed and the parameters to be detected are com-
plicated, therefore, other changes besides the change of the
strain may cause interference in the power of antenna, which
also affect the parameters, such as the impedance and gain
of the antenna. Due to the excessive influence factors, it is
difficult to verify the exact relationship between the charac-
teristic parameters of antenna and the magnitude of strain.
Virkki et al. [10] used flexible textiles as the dielectric sub-
strate for RFID antennas and studied their reliability in 2017.
As far as the current research situation is concerned, many
scholars focus on verifying the feasibility of using RFID patch
antennas as strain sensors and use the vector network analyzer
and other instruments to measure the drift of the resonant
frequency, trying to explore the approximate linear relation-
ship between resonant frequency and the magnitude of strain,
there are few researches on detection methods.

In this article, we verify the feasibility of using the RFID
patch antenna as a strain sensor. Then, depending on the
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Fig. 1. Front panel of the USRP-X300.

nature that the resonant frequency of patch antenna varies with
its dimension, an intelligent detection method for extracting
corresponding dynamic characteristic parameters is proposed
based on software radio technology and implemented on uni-
versal software radio peripheral (USRP) devices. This method
improves many problems in traditional detection methods.
We have demonstrated the unique advantages of the method,
including simple configuration, strong robustness, wireless
interrogation, etc. The USRP used in this article is X300.

Ettus Research’s USRP X300 is a high-performance, scal-
able software-defined radio platform for designing and deploy-
ing next-generation wireless communication systems. USRP
X300 is shown in Fig. 1.

It has two RF ports: 1) Ethernet port and 2) MIMO expan-
sion port. The USRP hardware is divided into two parts:
1) the mother board and 2) the daughter board. The mother
board provides basic functionalities, such as analog-to-digital
converter (ADC), digital-to-analog converter (DAC), clock,
and power regulation. The hardware architecture combines
two extended bandwidth daughterboard slots to accommo-
date two daughter boards with processing frequencies cov-
ering 0–6 GHz and processing bandwidths up to 160 MHz.
There are also several high-speed interface options: PCIe,
10G port, and gigabit port. The core part is a resource-
rich, user-programmable Kintex-7 FPGA with 320 000 logic
cells, 16M memory, and 840 multipliers. Its clock frequency
reaches 200 MHz, and the stream bandwidth of each chan-
nel reaches 200 MS/s, providing high-speed connections for
internal components, such as RF front-end, host interface, and
DDR3 memory.

II. SPECTRUM SENSING AND ANTENNA DESIGN

The detection method proposed in this article can be divided
into three steps. First, the sweep excitation signal is transmit-
ted by the broadband antenna of USRP X300 software radio
platform. Second, after the excitation signal reaches the patch
antenna, it is reflected to generate an echo signal which is also
received by the broadband antenna. Third, the echo signal is
sampled, Fourier transformed, etc., and then the energy detec-
tion algorithm is used for signal detection. Finally, the echo
signal received is divided by the excitation signal to obtain the
spectrum sensing results of the patch antenna. The detailed
flow chart is shown in Fig. 2.

GNU Radio is an opensource platform based on software-
defined radio concepts. It is mainly used for the modeling
and simulation of communication links. GNU Radio uses
a two-stage design with separate data channels and control
channels. C++ is used to describe signal processing modules

Fig. 2. Flow chart of the dynamic detection method.

Fig. 3. Relationship between the excitation signal and echo signal.

that require higher operating efficiency and Python is used to
configure and connect modules. Therefore, USRP is a flexible
system that can complete wireless services through descrip-
tion language [11]. One of the key application technologies
of software radio is spectrum sensing, which allows software
radio to monitor the spectrum utilization of the surrounding
environment [12].

A. Analysis of Transmit Link

The detection method based on frequency sweep measure-
ment is actually obtained the spectrum sensing results by
calculating the ratio of echo signal to excitation signal as
shown in Fig. 3. Therefore, USRP is used as a signal genera-
tor to output a cosine signal as excitation signal in this article,
and then the frequency of the cosine signal is continuously
changed with time to generate a sweep signal whose initial
frequency, end frequency, and signal power are adjustable.

The excitation signal is generated by a voltage-controlled
oscillator, and the digital control unit of the USRP provides
a drive voltage source to the voltage-controlled oscillator
through a DAC. The oscillator generates a cosine wave of
constant amplitude as the baseband waveform. The current
frequency of the cosine wave depends on the amplitude of the
input voltage, which is provided by the DAC. Therefore, the
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frequency of the excitation signal can be controlled by the dig-
ital control unit that outputs a time-linearly increasing voltage
signal through the DAC.

Due to the limitation of the hardware of USRP X300, the
bandwidth of the excitation signal transmitted once is limited.
Therefore, it is necessary to send a tuning command to USRP
after the signal in the current frequency band is transmitted
to adjust the center frequency to the next frequency point. It
is known from the discussion above that the frequency of the
excitation signal can be controlled by the digital control unit,
which means we can transmit the excitation signal with desired
starting frequency and bandwidth by adjusting digital control
unit step by step.

B. Analysis of Receive Link

In the receiving link, spectrum sensing based on energy
detection is used to get the echo signal of the strained patch
antenna, and then the ratio of the sensing result to the exci-
tation signal is calculated to obtain the echo loss. The first
job of the signal receiving link is to sample the continuous-
time-domain signal received by the Rx antenna. According to
the Nyquist sampling theory, the frequency of the signal sam-
pling must be at least twice the operating bandwidth. Suppose
the target signal is x(t) and its frequency range is (fL, fH).
If x(t) is sampled at a sampling rate greater than or equal to
fS = 2(fH-fL), a time-discrete sampling signal x(n) = x(nTs)
can be obtained, where the sampling interval is TS = 1/fs,
then the signal x(t) can be completely determined by the sam-
pled signal x(n). We sample the signal at the following sample
rate:

fs = 4f0
2n + 1

(1)

where f0 is the center frequency of the passband, and n is the
largest positive integer that satisfies fS≥2(fH - fL). The USRP
radio daughter board used in this article is CBX-120 with
working frequency between 1.2 and 2.2 GHz, supporting
independent operation of full-duplex TX antenna and RX
antenna.

GNU Radio provides a lot of Python interfaces and func-
tions of USRP. Therefore, the entire receive process is imple-
mented by writing a Python program. At the same time,
because of the limitation of the USB bus, the USRP X300 can-
not sense the RF spectrum exceeding 8 MHz. Therefore, it is
necessary to adopt a stepping method to divide the broad-
band spectrum that needs to be perceived into several small
segments, perceiving each frequency band and then piece the
results together. The entire spectrum sensing process will be
described in the next section.

C. Optimization of Energy Detection Algorithm

The broadband frequency-domain energy detection algo-
rithm is used to extract information from the received signal
in this article. It is currently the most widely used spectrum
sensing algorithm because it does not require any previously
known characteristics of the signal in test and does not
involve complex signal processing. The basic idea is to judge
whether a signal exists or not by detecting the energy of the

signal [13]. Signal presence detection refers to the determina-
tion of whether or not a signal exists in the frequency band
after observing the signal in a certain frequency band. The
basic model of this detection principle can be expressed by
the following equation:

y[n] =
{

w[n] : H0
s[n] + w[n] : H1

n = 1, ..., N (2)

where y[n] is signal sequence received by USRP, s[n] signifies
the signal transferred from source, w[n] is the additive white
Gaussian noise, and H0 represents the frequency point is unoc-
cupied and H1 denotes occupied. Signal energy detection can
be performed both in time and frequency domain. This arti-
cle uses the detection method in the frequency domains. We
use the fast Fourier transform (FFT) module in GNU Radio
to realize the signal transformation from the time domain to
frequency domain. For a series of discrete data, a method
called period gram averaging method is used for signal detec-
tion. The baseband complex signal is obtained by USRP
sampling first, then the sampled signal is converted into a vec-
tor, which is added with a Blackman–Harris window (the main
function of windowing is to reduce side lobes and weaken
spectrum leakage). Then, this method computes a fixed-
bandwidth N-point FFT around the center frequency and then
averages the positive values generated by the FFT. Finally, the
squared value of the signal is calculated to obtain the energy
of the signal. The cumulative energy T can be expressed by
the following equation:

T =
∑N

i=1
y2

i =
{∑N

i=1 w2
i , H0∑N

i=1 (si + wi)
2, H1.

(3)

For energy detection, the false alarm rate refers to the prob-
ability that there is no signal but the detection result is that
the signal exists. We hope to effectively improve the detection
rate and reduce the false alarm rate to optimize the detection
effect of the system. When the number of sampling points N
is large enough, both w[n] and s[n] obey the Gaussian dis-
tribution, and their mean and variance are 0 and σ n

2, 0 and
σ s

2, respectively. The target detection rate (Pd) and target false
alarm rate (Pf ) can be expressed as the following equations,
respectively:

Pd = P(T > λ|H1 ) = Q

⎛
⎝λ − N(σ 2

n + σ 2
s )√

2N(σ 2
n + σ 2

s )
2

⎞
⎠ (4)

Pf = P(T > λ|H0 )=QN

(
λ − Nσ 2

n√
2Nσ 4

n

)
(5)

where QN is the complementary distribution function of the
standard Gaussian, and λ is a predetermined threshold for
energy detection

QN = 1√
2π

∫ ∞

x
exp(

−y2

2
)dy. (6)

In practical applications, the target false alarm rate will
increase with the target detection rate; on the other hand, if
the target detection rate is too low, it will result in the loss of
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existing signals. Therefore, it is necessary to select an appro-
priate threshold λ to balance the target false alarm rate and
the target detection rate. The noise power and signal power
must be known to obtain the optimal threshold λ. The noise
power can be obtained by estimation, but it is necessary to
know the propagation characteristics of the signal to obtain the
signal power. In practical applications, the target false alarm
rate is usually determined first, and a unique threshold can
be calculated in the case where the false alarm rate and the
signal-to-noise ratio (SNR) are determined [14], as shown in
the following equation:

λ=Q−1(Pf
√

2N + N)σ 2
n . (7)

The main disadvantage of traditional energy detection as
described above is that it cannot detect multiple signals with
different SNRs in a wideband. What is more, as the SNR
decreases, the computational complexity increasing rapidly
and the performance deteriorates drastically. An improved
relevance-based energy detection is proposed [15] to deter-
mine the specific bandwidth of signals on the premise of
a high-detection rate with low-SNR signals under a fine
resolution based on this result.

The relevance-based energy detection find low-SNR signals
by n1 points out of n have a greater power than noise power.
Denote this as relevance window, n as the size of the relevance
window, ρ = n1/n as relevance ratio, andPs as the probability
of consecutive frequency points detected as occupied by the
relevance window [16]

Ps =
n∑

k=n1

Ck
n × PT>σ̂ 2

w
× (1 − Pk

T>σ̂ 2
w
)
n−k

(8)

σ̂ 2
w = (1 − η)(1 − Pf )σ

2
n + ηPm(σ 2

n + σ 2
s )

(1 − η)(1 − Pf ) + ηPm
(9)

where Pm is the probability that an occupied frequency point’s
power is lower than threshold, and ? is the occupancy rate of
the signal in the frequency band, respectively.

In this article, the influence of different SNR and false alarm
rate on detection effect is observed in MATLAB. First, a binary
phase-shift keying (BPSK) signal is generated as the signal to
be detected. The detection rate of the energy detection algo-
rithm is calculated with different SNR and false alarm rate.
The relationship between SNR, false alarm rate, and detection
rate is shown in Fig. 4.

The simulation results show that both algorithms still have
high-detection accuracy rate and low false alarm rate in the
case of low SNR and the improved algorithm achieves a more
accurate spectrum detection effect. In this article, the power of
the excitation signal transmitted by the software radio is much
larger than the noise signal in the air, so the SNR is relatively
high so that the algorithm can obtain good detection results.

D. Antenna Design

In order to realize the wireless detection of strain dynamic
characteristics of the RFID antenna by the USRP platform, it
is necessary to configure the USRP X300 platform with the
appropriate transceiver antenna besides adopting a reasonable
energy detection algorithm.

Fig. 4. Relationship between SNR and detection results.

Fig. 5. Configuration of the broadband antenna.

Fig. 6. Simulation result of broadband antenna.

The structure of the broadband antenna used in this article is
shown in Fig. 5. The material of the dielectric substrate is F4B
(εr = 2.33 and tanδ = 0.0015). According to the impedance
formula of microstrip line, it can be concluded that the width
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Fig. 7. Configuration of the proposed patch antenna.

TABLE I
DIMENSIONS OF THE BROADBAND ANTENNA

of microstrip line with characteristic impedance of 50 	 is
2.2 mm.

For detailed design, all parameters of the broadband anten-
nas are simulated using the HFSS and are given in Table I.
Fig. 6 shows that the antenna has the reflection coefficient
less than −10 dB in the band 2–3 GHz. The radiation
performance of the antenna is good over the whole frequency
band.

The resonant frequency of patch antenna is related to its
electrical length. Therefore, the resonant frequency of patch
antenna will change when the physical size of antenna is
changed, and the drift of frequency is linear with the stress
acting on the antenna. In this article, we choose rectangular
microstrip antenna as the strain patch antenna of RFID. The
designed antenna is shown in Fig. 7. The initial resonant
frequency (fre) of the antenna is 2.396 GHz.

The vias of the patch antenna are connected between the
top copper cladding and the bottom copper ground layer
as shown in Fig. 7. The vias will change the boundary
conditions at the end of the metal patch, which increases
the electrical length of current propagation. This configu-
ration reduces the patch antennas by half. In theory, the
resonant frequency of a standard quarter wave length rect-
angular microstrip antenna can be calculated by the following
equation:

fre = c

4(L + 
L)
√

εre
(10)

where c is the speed of light, L is the length of the conducting
patch, εre indicates the effective dielectric constant of the sub-
strate, and 
L is the length of compensation which is related
to the width of the conducting patch W, the effective dielec-
tric constant of the substrate εre, and the ratio of the width
of the conducting patch to the thickness of the dielectric sub-
strate W/h. The optimized antenna dimensions are depicted in
Table II.

TABLE II
DIMENSIONS OF THE PATCH ANTENNA

III. SIMULATION AND TENSILE EXPERIMENTS

A. Simulation of Strain Sensor

The longitudinal strain εL is usually defined as the relative
change in the length of an object, i.e.,

εL = Ls − Lo

Lo
. (11)

Then, the change of resonant frequency can be estimated by
the following equation [17], where Kα is a constant, we can
see that the relationship between the resonant frequency and
εL is linear.

fre(εL) = καεL + fre. (12)

The loads are adjusted so that ten different strain levels
(from 0% to 10% at an increment step of 1%) are generated
in the patch antenna. In this article, the sensor dimension is
simply scaled according to applied strain. After the mechanical
simulation at each strain level, the lowest peak of S parameter
plot is picked as the resonant frequency of the antenna under
strain finally. Fig. 8 shows the simulation results.

Fig. 8(a) shows S parameter at different strain levels and the
resonant frequency of the patch antenna reduces as the strain
increases. Fig. 8(b) illustrates linear regression between reso-
nant frequencies and corresponding strain levels. The value of
2.2830 means 1-με increment in the base structure generates
2.2830 KHz decrease in antenna resonant frequency. The fig-
ure also shows the coefficient of determination (R2) is 0.9997,
which indicates a good linearity between resonant frequency
and strain.

B. Measurement and Strain Detection

After investigating the performance of patch antenna using
simulation, the strain sensor is fabricated and the simulation
results are validated through experimental studies. The compo-
nents of the wireless measurement environment are: anechoic
chamber, aluminum sheet with patch antenna attached (pasted
vertically), strain collector, stretching machine, broadband
antenna, and USRP X300.

The broadband antenna and the TX/RX port of USRP are
connected through the SMA adapter and the coaxial cable
during the measuring period. The aluminum plate with patch
antenna is tightly clamped with the clamp of the stretching
machine, and then adjust the aluminum plate to maintain the
level of the broadband antenna and the patch antenna. Finally,
uniformly distributed tensile loads are applied at two ends of
the aluminum plate, after the indicator of the strain acquisition
instrument is stable, the detection algorithm proposed in this
article is used for wireless detection. The experimental system
for strain measurement is shown in Fig. 9.
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Fig. 8. (a) S11 parameters under strain transfer. (b) Resonant frequency
versus strain.

Fig. 9. Measurement setup inside anechoic chamber.

Considering the efficiency of mechanical strain transfer
from the base structure to the top surface of the antenna sen-
sor, defined as ηL [18], the relationship between the drift of the

resonant frequency and the stress experienced by the sensor
can be expressed as the following equations [18]:

FL = EA(fre − f re(εL))

freηL
(13)

where E and A are constants representing the modulus of
elasticity and cross-sectional area, respectively. F is the
stress applied to the aluminum sheet. After the initial reso-
nant frequency of the antenna and the drift of the resonant
frequency is measured by USRP, we can calculate the actual
magnitude of the stress applied to the antenna by this equation.

Fig. 10 shows that the strain antenna we proposed has
strong scattered power in the horizontal polarization direction,
so it will produce unnecessary coupling with the broadband
antenna with the same polarization. Therefore, before extract-
ing the sample point, the measured data require extra treatment
due to the presence of undesired elements. These undesired
elements include: coupling between the antennas, and scatter-
ing from background objects. In order to remove these unde-
sired components, two different measurements are required. It
should be noted that we do not care about characterizing these
undesired elements, but simply removing them [19].

The first measurement is done with no objects present in
the plane of measurement

R1 = Coupling(Hs, Hb) + Background scattering. (14)

The second measurement is with the tag present

R2 = Coupling(Hs, Hb) + Background scattering
Echoloos.

(15)

The final step in processing the data is accomplished
via a subtraction operation as

Echoloos = R2 − R1. (16)

N data points obtained by USRP are used for data fitting
and the lowest point is taken as the resonant frequency of
the antenna after these undesired components are removed. In
order to get more accurate experimental results without special
circumstances, the experiment is repeated ten times and the
average value is used as the final result. The results of one
measurement are shown in Fig. 11.

The result shows that the resonant frequency of the
antenna is 2292.8 MHz at zero stress level. Then, the resonant
frequency of the deformed antenna is measured. the mea-
sured and true values of the stress applied to the antenna are
calculated as shown in Fig. 12.

Then, the measured values of the stress are substituted into
(13), and the strain is calculated as shown in Fig. 13.

As shown by linear regression in Fig. 13, the strain sensi-
tivity is −1.7678k Hz/με, which is lower than the theoretical
prediction of −2.2830 kHz/με. One potential reason is that in
the simulation, the strain/deformation in the antenna will not
only change the length of the antenna, but also the dimen-
sions of other antenna components (including matching lines,
vias, and substrates). As a result, these more complicated influ-
ences to strain sensitivity are not taken into consideration by
the simplified theoretical prediction in (12).
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Fig. 10. Comparison of scattered power in horizontal polarization and vertical
polarization.

Fig. 11. Initial resonant frequency measured by USRP.

IV. MACHINE LEARNING FOR DATA PROCESSING

Because the sources of errors in the wireless detection
environment are complex, including the loss of electromag-
netic waves in the air, the interference of the metal body and
the metal collet of the stretching machine, and the resonant
interference of the transmitting and receiving antennas, it is
difficult to accurately analyze the error of the actual envi-
ronment modeling. In order to effectively correct the error
between the experiment and the theory and improve the accu-
racy of the detection, the machine learning method shown in
Fig. 14 is used in this article.

Fig. 12. Comparison of true and measured results.

Fig. 13. Linear fitting of strain and resonant frequency.

Fig. 14. Error correction machine learning algorithm.

First, the measured resonant frequency fx of the antenna sen-
sor is recorded, then calculate the theoretical resonant
frequency fy according to the actual stress displayed by the
stretching machine and use the measured sets (fx, fy) as
the training set to obtain a relationship model (h) between
the measured resonant frequency and the theoretical reso-
nant frequency by machine learning. The resulting relational
model is actually a functional mapping from fx to fy, and the
expression is shown in following equation:

hθ (fx) = θT fx = θ0fx0+θ1fx1+ · · · +θnfxn=
n∑

i=0

θifxi. (17)
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Different values of θ i will result in different hypothesis
functions. In order to obtain a more accurate hypothesis func-
tion, it is necessary to calculate the optimal θ i so that the
predicted value fy closest to the actual value can be obtained
after the input parameter fx is input.

The parameter θ determines the error between the predicted
value of the model and the actual value in the training set.
Therefore, the problem is transformed into finding the optimal
model parameters, so that the error can be minimized, that is,
the value of the cost function formula is the smallest. The cost
function formula can be expressed by the following equation,
m denotes the number of instances in the training set

J(θ) = 1

2m

m∑
i=1

(hθ (f
(i)
x − f (i)

y ))2. (18)

In this article, there is only one input variable (the mea-
sured resonant frequency), therefore this is a univariate linear
regression problem with a hypothetical function as

hθ (fx) = θ0+θ1fx1. (19)

A gradient descent algorithm [20] was used to obtain the
smallest cost function in this article. First, θ0 and θ1 are
changed iteratively after both of them are initialized to 0 in
order to make J (θ0, θ1) continuously decreases. When J (θ0,
θ1) no longer changes, the minimum value (or local mini-
mum value) of the cost function can be obtained. The iterative
method is shown in the following:

θj: = θj − α
1

m

m∑
i=1

(hθ (x
(i)) − y(i))xj

(i). (20)

The variable learning rate α is introduced into the equation
to change the speed at which the value of θ changes. If α

is too small, the excessive number of iterations will result in
slow iterations. If α is too large, the local optimal point may
be skipped or even the algorithm may not converge. We per-
formed 67 sets of tensile measurements on the RFID strain
antenna. The 67 sets of measured data and their correspond-
ing theoretical resonance frequencies (f x, f y) are used as the
training set, which was trained using MATLAB according to
the above algorithm. The linear regression results obtained by
the gradient descent method is shown in Fig. 15. There is a set
of parameters that can minimize the value of the cost function,
and the correction result is the best at this time. In this way, we
get the optimal solution of (θ0, θ1) as (0.366766, 0.839853).

Substituting the measurement data of the resonant frequency
into (19) will obtain the corrected resonant frequency, which
can be substituted into (21) to obtain the corrected stress value
as shown as follows:

FL = EA(fre − 0.366766 − 0.839853 · fx1)

freηL
. (21)

It can be known from the above discussion that the error
between the measured stress and the true value is 9.8% before
correction as shown in Fig. 12. The results obtained by substi-
tuting the measured stress into the correction equation (21) are
shown in Fig. 16. The error between the corrected value and
the true value is 2.43%. The results before and after the cor-
rection show that the corrected mathematical model is more

Fig. 15. Linear regression results obtained by gradient descent.

Fig. 16. Comparison of corrected and measured results.

accurate and can be used as a basis for further analysis and
research.

V. CONCLUSION

This article demonstrated a detection program implemented
on USRP. A strain detection scheme that comprises the signal
transmission, signal reception, spectrum analysis, data pro-
cessing is developed based on the improved energy detection
algorithm which can detect multiple signals with different
SNRs in a wideband. In detail, USRP is used to output a sweep
signal through the broadband antenna as excitation signal,
an echo signal containing strain information will be gener-
ated after the excitation signal reaches the patch antenna.
Then, the echo signal reflected by the patch antenna will
be detected using the improved energy detection algorithm.
Finally, machine learning implemented on the PC is used
to correct the error between the measured value and the
true value. In the whole process, the broadband antenna, as
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a key peripheral of USRP, plays the role of transmitting and
receiving radio-frequency signals.

This program can realize real-time and wireless data anal-
ysis and detection. It is more intelligent and economical than
traditional network analysis instrument detection methods. In
the future, we will write the machine learning algorithms into
USRP to achieve better integration and explore the vector
parameter measurement scheme to solve the problem that the
energy detection algorithm cannot measure the signal phase.
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