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SUMMARY 

 
Induced Polarization (IP) method, which can measure both resistivity and chargeability, is widely used in 

the exploration of metal ore deposits. Addressing the issues of weak anti-interference capability and difficulty 
in distinguishing between ore and non-ore IP anomaly with conventional IP methods, we propose and 
implement a spread spectrum IP (SSIP) data processing method. This method utilizes the rich fundamental 
frequency components of pseudo-random spread spectrum signals to distinguish IP anomalies between ore 
and non-ore zones and employs a frequency fusion method to improve the anti-interference capability of IP 
parameters. Finally, field-measured data were used for processing tests. The results show that frequency 
fusion can enhance the anti-interference capability of IP parameters and allow for the adjustment of the number 
of frequencies fused according to the level of interference, ensuring the distinction of IP anomalies between 
ore and non-ore zones while maintaining data quality. 
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INTRODUCTION 

 
The Induced Polarization (IP) method is an 

electrical exploration technique that utilizes the 
charge-discharge effect of rocks and minerals under 
electrical excitation to detect targets. This method 
can simultaneously measure resistivity and 
chargeability parameters, which are directly related 
to metal ore bodies and mineralization 
characteristics. It is currently considered the most 
promising geophysical method for metal ore 
exploration (Revil et al., 2022; Okada et al., 2022; 
Guo et al., 2020). However, with the increasing 
exploration depth and changing electromagnetic 
interference environments, conventional IP 
methods are facing issues such as weak anti-
interference capabilities and difficulties in 
distinguishing between ore and non-ore IP 
anomalies, making it challenging to meet 
exploration needs. To address these issues, 
researchers have adopted methods such as 
combined techniques and multi-parameter fusion 
for metal ore identification (Su et al., 2023) and have 
utilized techniques like empirical mode 
decomposition and correlation analysis for noise 
reduction (Liu et al., 2019; Cen et al., 2023), but 
these methods still have various limitations. 

To address these issues, we have proposed 
and implemented a spread spectrum IP exploration 
method. This method uses pseudo-random spread 
spectrum signals as excitation signals and employs 
a wireless distributed array to collect data (Yan et al., 
2021). This method has the advantages of strong IP 
anomaly differentiation between ore and non-ore 
zones and strong anti-interference capabilities. 

 
Introduction to Spread Spectrum Signals 

 
Pseudo-random spread spectrum signals are 

m-sequences that contain multiple fundamental 
frequency signals (Chun et al., 2014). Their energy 
is mainly concentrated at the fundamental 
frequency points and is generally uniformly 
distributed. The fundamental frequency points are 
linearly spaced, with the number of fundamental 

frequencies 𝑁 = 2𝑘−1, where k is the order of the 
spread spectrum wave. The fundamental frequency 
value 𝑓𝑖 is calculated using the formula 𝑓𝑖 = 𝑓1 × 𝑖, 
where 𝑓1  is the frequency value of the ith 
fundamental frequency and 𝑓1  is the base 
frequency of the spread spectrum wave. 

Figure 1 shows the time series and amplitude 
spectrum of a commonly used 5th-order spread 
spectrum wave. The base frequency of the signal is 

https://creativecommons.org/licenses/by/4.0/
mailto:guozhenwei@csu.edu.cn


Yao et al., 2024, Frequency Fusion for Spread-Spectrum-Induced-Polarization Data Processing 

 

 
Abstract, 26th EM Induction Workshop, Beppu, Japan, September 7-13, 2024    2 / 4 

1/16 Hz, and the time series contains three periods 
of the spread spectrum wave. The waveform 
includes only two levels, -1V and 1V. The spectrum 
shows that the signal energy is concentrated at the 
linearly spaced fundamental frequency points and is 
generally uniformly distributed. 

 
Figure 1. Waveform and amplitude spectrum of 

5th order spread spectrum wave. a) Waveform, b) 
Amplitude spectrum 

 
Calculation Method for Spread Spectrum 

Parameters 
 

During field data collection, the control center 
first obtains the spread spectrum voltage signal 
from the acquisition station and the spread 
spectrum current signal from the current station in 
real-time via a wireless network. Then, it 
automatically calculates parameters such as 
apparent resistivity, complex resistivity phase, 
spread spectrum phase , and dispersion rate for 
each channel at each fundamental frequency. In 
high-interference areas, we fuse adjacent 
fundamental frequency signals to enhance the 
signal-to-noise ratio. The resulting frequency after 
fusion is called the composite frequency. The 
number of fundamental frequencies m fused for 
each composite frequency can be preset according 
to the interference situation in the work area. 
Generally, the greater the interference, the larger m 
should be. The number of composite frequencies 
after fusion is 𝑁𝑑 = N/m , where N is the total 
number of fundamental frequencies. Each 
composite frequency can yield one apparent 
resistivity and one complex resistivity phase, while 
two adjacent composite frequencies can calculate 

one dispersion rate and one spread spectrum phase. 
Thus, a single data acquisition at a survey point can 
simultaneously obtain 𝑁𝑑 apparent resistivities, 

𝑁𝑑 complex resistivity phases, 𝑁𝑑  1 dispersion 
rates, and 𝑁𝑑  1 spread spectrum phase. The 
specific calculation process is as follows. 

First, perform a Fourier transform on the 
collected spread spectrum voltage time series data 
and spread spectrum current time series data, and 
extract the spectrum values at each fundamental 
frequency point. Then calculate the complex 
resistance 𝑋𝑖 at each fundamental frequency using 
the formula  
𝑋𝑖 = 𝑈𝑖/𝐼𝑖                                  (1) 
where 𝑈𝑖 is the spectrum value of the voltage 

signal at the ith fundamental frequency and 𝐼𝑖 is the 
spectrum value of the current signal at the ith 
fundamental frequency. Then calculate the 
frequency value 𝐹𝑗  of each composite frequency 

using the formula  

𝐹𝑗 = ∑ (𝑤𝑖 × 𝑓𝑖)
𝑝+𝑚−1
𝑖=𝑝 ，                        (2) 

where p is the index of the starting fundamental 
frequency 𝑝 = (𝑗 − 1) × 𝑚 + 1, 𝑤𝑖 is the weighting 

value of the ith frequency (Typically taken as  
1

𝑚
 ), 

and 𝑓𝑖 is the frequency value of the ith fundamental 

frequency. The complex resistance 𝐶𝑗  of each 

composite frequency is calculated using the formula  

𝐶𝑗 = ∑ (𝑤𝑖 × 𝑋𝑖)
𝑝+𝑚−1
𝑖=𝑝                         (3) 

Using 𝐶𝑗 to calculate the apparent resistivity of 

each composite frequency, the apparent resistivity 

of the jth composite frequency 𝜌𝑗 is 

𝜌𝑗 = 𝑘 × |𝐶𝑗|，                              (4) 

Where k is the coefficient of the electrical 
exploration array(Binley et al., 2020). Using the 
complex resistance of adjacent composite 
frequencies to calculate the dispersion rate, the 

dispersion rate of the jth composite frequency 𝑓𝑠𝑗 is 

𝑓𝑠𝑗 =
(|𝐶𝑗|−|𝐶𝑗+1|)

|𝐶𝑗|
× 100%                     (5) 

Using the complex resistivity phase of adjacent 
composite frequencies to calculate the spread 
spectrum phase, the spread spectrum phase value 

of the jth composite frequency 𝑐𝑝𝑗 is 

𝑐𝑝𝑗 = (𝑟 × 𝜑𝑗 − 𝑝)/(1 − 𝑟)，                  (6) 

Where 𝜑𝑗 is the complex resistivity phase of the jth 

composite frequency, and 𝑟 is the frequency ratio 
of the composite frequencies, expressed as 

𝑟 = 𝐹𝑗+1/𝐹𝑗，                                (7) 

Where 𝑝  is the phase correction of 𝜑𝑗+1 with 

respect to 𝜑𝑗, expressed as 

𝑝 = {

𝜑𝑗+1, (𝜑𝑗 − 𝜋 ≤ 𝜑𝑗+1 ≤ 𝜑𝑗 + 𝜋)

𝜑𝑗+1 − 2𝜋, (𝜑𝑗+1 > 𝜑𝑗 + 𝜋)

𝜑𝑗+1 + 2𝜋, (𝜑𝑗+1 < 𝜑𝑗 − 𝜋)

            (8) 

 
By this method, multiple composite 

frequencies' apparent resistivities, complex 
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resistivity phases, spread spectrum phase and 
dispersion rates can be obtained. Analyzing the 
variation of these parameters in the frequency 
domain allows for the differentiation of IP anomalies 
between ore and non-ore zones. Increasing the 
number of fundamental frequencies m fused can 
improve the signal-to-noise ratio and enhance the 
system's anti-interference capability, while 
decreasing m can improve the resolution of each 
parameter in the frequency domain and enhance 
the ability to differentiate IP anomalies between ore 
and non-ore zones. 
 

Processing of Measured Data 
 

Based on the proposed spread spectrum IP 
parameter calculation method, we processed and 
verified the anti-interference capability of multi-
frequency fusion using field test data. The test setup 
used an array four-electrode sounding array, with a 
profile length of 1800m, a survey point spacing of 
40m, and 46 survey points. The coordinates of the 
receiving electrodes ranged from -20m to 1820m, 
and the power supply points A and B were located 
at 880m and 960m, respectively. A 5th-order spread 
spectrum wave with a frequency of 0.0625Hz was 
transmitted from AB, with a current of 0.5A. All 
survey points were sampled synchronously at a rate 
of 15Hz for 96 seconds, covering six signal periods. 
The varying distances of the survey points from the 
power supply points result in different received 
signal strengths. Consequently, the signal-to-noise 
ratios (SNR) of the collected data also vary. The 
farther a survey point is from the power supply point, 
the weaker its SNR. 

To evaluate data quality, we typically divide the 
time series into multiple segments, calculate the IP 
parameters for each segment, and then average all 
segment parameters as the estimated IP parameter. 
The mean square error of all segment parameters 
is calculated as the estimation error. For this test, 
we used a 32-second segment duration and divided 
the data into three segments. The mean and mean 
square error of the three segments' results were 
calculated, with the mean serving as the final result 
and the mean square error as the estimation error 
to assess result quality. We first selected data from 
survey points 1 and 12 for calculation. Survey point 
1 is located at the center coordinate of 0m, 880m 
from the A power supply point, with a low SNR.  
Survey point 12 is located at the center coordinate 
of 440m, 40m from the A power supply point, with a 
high signal-to-noise ratio (SNR). Figure 2 shows the 
apparent resistivity and complex resistivity phase at 
survey points 1 and 12 under single frequency non-
fusion and 4-frequency fusion conditions. The figure 
shows that the data quality at survey point 1 is poor. 
Without frequency fusion, the error bars for the 
apparent resistivity and phase are large, and their 
trends with frequency are not apparent. However, 

after frequency fusion, the data quality of both 
parameters significantly improves, the error bars 
are reduced, and the trends become more evident. 
The data quality at survey point 12 is good; without 
frequency fusion, the apparent resistivity and phase 
show a clear trend with frequency, although some 
frequency points have larger errors. After frequency 
fusion, the error bars for the data significantly 
reduce, but the frequency resolution also decreases. 

 
Figure 2. Processing Results at Survey Points 1 
and 12 for Single Frequency Non-Fusion and 4-

Frequency Fusion 
To further compare the calculation results of 

single frequency and multi-frequency fusion, we 
calculated the IP parameters for all survey points 
along the entire profile. The results for the first 
frequency point are shown in Figure 3. The figure 
shows that in the middle section of the profile, where 
the SNR is strong, the error bars for all parameters 
are small, and the results of single frequency non-
fusion and 4-frequency fusion calculations are 
almost identical. In the sections at both ends of the 
profile, where the SNR is poor, the parameters after 
4-frequency fusion are smoother and have smaller 
error bars than those obtained from single 
frequency non-fusion. 
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Figure 3. Processing Results for the First 

Frequency Point across the Entire Profile for 
Single Frequency Non-Fusion and 4-Frequency 

Fusion 
 

Conclusion 

 
In order to distinguish between ore and non-ore 

IP anomalies and to improve the anti-interference 
capability of the IP method, we introduced pseudo-
random spread spectrum signals into IP exploration 
and achieved multi frequency and multi parameter 
calculations for SSIP. Using frequency fusion 
methods, we improved the signal-to-noise ratio 
(SNR) of the data and processed field-measured 
data. The results show that frequency fusion can 
enhance the anti-interference capability of SSIP. 
This method can be adapted to different levels of 
interference in the work area. In non-interference 
zones, single-frequency complex resistivity can be 
used directly to calculate IP parameters and 
distinguish between ore and non-ore IP anomalies 
based on the trends of these parameters. In high-
interference zones, frequency fusion can be used to 
calculate IP parameters at composite frequencies, 
thereby improving the anti-interference capability of 
the IP parameters. 
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