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ABSTRACT 



 

The radio frequency (RF) spectrum is crowded with users and adjacent frequency users are facing 

an increase in interference from each other. The spectrum governing body Federal 

Communications Commission (FCC) has the difficult task of allocating spectral bands for new 

users for mobile devices using 4G LTE technology. Telemetry (TM) is affected by the adjacent 

band 4G LTE users in terms of signal degradation. To minimize the interference between adjacent 

frequency users, several methods can be used. A common but inefficient method separates adjacent 

band frequencies using guard bands which leaves a big portion of the spectrum unused. 

Alternatively, adjacent RF signals can be separated using digital filtering techniques with the 

signal of interest being unharmed and reducing the signal power of the interfering signal. A digital 

filtering technique includes bandpass filter (BPF) rejection, which has the ability to filter out 

adjacent interfering signals. This is accomplished by designing bandpass digital filters where the 

passband and stopband frequencies are adjusted to achieve maximum signal power and reject the 

interfering signal by reducing its power. A flexible software-defined radio testbed is set up to 

experiment and analyze this scenario with ease and effective measures. 

 

NOTE: This paper is built in its majority from the Master Thesis work performed by the author, 

which is titled: “Interference Mitigation of Adjacent Radio Frequency Signals on a Flexible 

Software-Defined Radio Testbed Platform” (2019). This paper serves as a more applied approach 

rather than theoretical. 

 

 

INTRODUCTION 

 

The spectral bands reserved for military use is being readjusted to fit the consumer need for mobile 

data and applications. The government agencies like NTIA and FCC have sought measures to 

avoid harmful interference from the spectrum users. Aeronautical Mobile Telemetry (AMT) is 

affected in the presence of adjacent band 4G Long-Term Evolution (LTE) spectrum users. The 

primary user of the AMT bands includes White Sands Missile Range (WSMR). For uninterrupted 

services spectrum management techniques are adopted. A possible solution is to identify and 

classify the readjustments in the spectrum band by creating a flexible testbed which can emulate 

the said systems. 

 

This paper describes a series of controlled laboratory measurements of key parameters on a 

simulated Software-defined Radio (SDR) testbed which includes methodology, test execution, and 

the data analysis of interference mitigation. Laboratory tests were done to mix signals in the 

adjacent band and analyze their performance. 

 

There is an exponential increase in number of devices, users and traffic, service providers are 

facing a challenge of spectrum drought. The Commerce Spectrum Management Advisory 

Committee (CSMAC) has some recommendations to reduce interference from adjacent bands and 

thus facilitating efficient use of spectrum. Although the use of guardbands is a very common and 

historic practice but it is not the preferred mechanism nowadays to prevent interference. The 

development of dynamic spectrum access (DSA) techniques provides a more flexible and efficient 

use of the spectrum. This includes the database approaches and spectrum sensing technologies. 

 



Cognitive radio (CR) and spectrum sensing technologies are considered to be an important tool for 

spectrum sharing and interference mitigation. Spectrum sensing devices are capable of protecting 

services that uses different modulation systems. Rigorous testing and evaluation can help ensure 

an adaptive system with the capabilities of CR and spectrum sensing which can reduce 

interference. 

 

Filtering solutions are also considered to eliminate interference from adjacent radio frequency 

signals. For simplicity, narrowband Amplitude Modulated (AM) signals are generated in adjacent 

bands and the power level of the signals are observed in presence of a bandpass rejection filter. 

The bandpass filter with adjustable parameters like passband and stopband frequencies provides 

flexibility. An Analog filter equipped in a 2.4m Tracker was acquired by WSMR to mitigate the 

interference from 4G LTE bands. The proposed rejection level of the filter was 60 to 70 dB. Digital 

filtering technique is a very effective application in mitigating interference between adjacent 

spectrum users. It rejects the adjacent interfering signal by reducing its signal power. This can be 

achieved in the laboratory by designing filters with the desired rejection levels on a flexible testbed. 

 

SDRs can be used to identify and classify spectrum users based on their modulation type, signal 

power, Signal-to-Noise Ratio (SNR), bandwidth and the technology: Wi-Fi, 4G-LTE etc. The 

results will be stored into a database for the purpose of finding solutions for interference mitigation 

with the techniques mentioned earlier. 

 

 

BACKGROUND ON RADIO SPECTRUM 

The Federal and nonfederal agencies use of the radio frequency spectrum of 3 Hz to 300 GHz [1] 

for various operations whose distribution is governed by NTIA and FCC respectively. The 3G and 

4G mobile services has created increased demand of the radio spectrum, which is limited in 

resource. These regulatory boards make the efficient use of spectrum by providing licenses to the 

government and nongovernment entities. Spectrum Auction is arranged to distribute licenses for 

mobile and wireless applications. Radio spectrum users can only transmit in the allocated 

frequency to avoid any violations to the FCC regulations. 

 

Figure 1: United States Radio Spectrum Allocation1. 

                                                 
1 https://www.ntia.doc.gov/files/ntia/publications/2003-allochrt.pdf 



 

Figure 2: A closer look at the Telemetry band 2100 – 2300 MHz. 

Several definitions can be found to describe Software Defined Radio, also known as Software 

Radio or SDR. The SDR Forum, working in collaboration with the Institute of Electrical and 

Electronic Engineers (IEEE) P1900.1 group, has worked to establish a definition of SDR that 

provides consistency and a clear overview of the technology and its associated benefits. Simply 

put Software Defined Radio is defined as: 

"Radio in which some or all of the physical layer functions are software defined" 

 

LabVIEW provides several design methods, including Elliptic, Chebyshev, Inverse Chebyshev, 

and Butterworth, for IIR digital filters [2]. Each design option offers different characteristics. For 

example, Butterworth filters characteristically have a smooth response at all frequencies and also 

are monotonically decreasing or increasing in the transition band. However, Butterworth filters do 

not always provide an acceptably accurate approximation of the ideal filter response because the 

filter has slow roll off in the transition band. If you need sharper roll off than a Butterworth filter 

can provide, use a Chebyshev, Inverse Chebyshev, or Elliptic design.  

 

Cognitive Radios (CR) are smart radio systems that autonomously coordinate the usage of radio 

band. They can characterize and recognize radio spectrum when it is unused by the incumbent 

radio system and use this spectrum in an intelligent way. Such unused radio spectrum is called 

‘spectrum opportunity,’ also known to as ‘white space.’[3]. It was first stipulated by Joseph Mitola 

III and Gerald Q. Maguire, Jr in 1999.  

 

The process of spectrum allocation and how the results are going to be obtained through a testbed 

is explained in this Journal [4].The impacts of 4G LTE signal on TM signal was analyzed and the 

results of how the TM system affected the LTE system, their rules of interaction in order to keep 

the LTE system at an acceptable performance, and a brief introduction into how these results will 

aid in the 5G technologies by implementing a similar testbed were explained in this ITC 2018 

Paper [5]. For the interference mitigation of the LTE system on the TM system, different rules 

must be followed to protect the TM system. In the LTE system, interference from the TM system 

was felt instantaneously and the performance of the link suffered greatly, the spectrum graph of 

the LTE Rx displayed both TM and LTE signals simultaneously, and its effects were seen clearly. 

For the TM system, the LTE signal remains masked as noise to the TM Rx, meaning that any LTE 

signal that gets closer and closer to the TM signal, will only be raising the noise level of the TM 

Rx, affecting its performance by increasing the FSER, reducing the channel capacity, and affecting 

the visual parameters such as the constellation and eye diagrams. Interference mitigation using 

digital filtering techniques were also explored and published as a poster presentation [6] 



METHODOLOGY 

 

This section will layout the experimental design to generate RF signals and analyze the 

interference scenario. The Universal Software Radio Peripheral (USRP) will be programmed to 

generate RF signals and study the interference between adjacent radio frequency signals.  

 

Testbed Layout 

 

The preliminary layout of the experiment that will be used to recollect data is depicted in Figure 

3. The purpose of the blocks is to ensure a basic communications system with added interference. 

The telemetry and LTE systems are generated from simulation. The telemetry system will be the 

primary user and facing interference from the LTE system, in order to observe the behavior of 

these two systems in conjunction. A second test will be performed to compare LTE as the primary 

user and the telemetry system as a source of interference. 

  

 
Figure 3: A basic layout of the communication system. 

The system blocks in Figure 3 is composed of hardware device with a specific assignment. TX and 

RX represents the primary user’s system, either telemetry or LTE. The three M blocks are 

mitigation devices which can be manipulated by the controller. Interference and Noise source are 

included to test the performance of the whole system under stress.  

 

The telemetry will be the initial transmitter (TX) and receiver (RX) with the interference being the 

LTE system. Later they will be interchanged, meaning telemetry being the interference on the LTE 

system for experimental purposes. A mixer will add all the signals, represented by a cross in the 

circle to be received by RX. The accuracy of the received data will be achieved using the mitigation 

blocks (M1, M2 and M3). Signals will be analyzed based on the adjustable parameters: frequency, 

modulation (PSK, QAM etc.), power (dB/dBm), and bandwidth. The carrier frequency will be 

static, whereas power from the transmission source TX, Interference, and noise will be variant. 

 

The mitigation blocks will include attenuators, filtering solutions for experimental purpose. The 

end goal is to achieve a zero value for Frame Synchronization Error Rate (FSER) obtained from 

the telemetry system. To avoid any FCC violation closed loop experiments will be performed in 

various bands. The parameter values will be close to the actual values used by the real-world 

equipment, in this case WSMR equipment. 

 

Implementation 

 

With the goal of building a cognitive radio testbed based on the SDR platform all the components 

were acquired. This includes SDRs, coaxial cables, splitters and combiners. Telemetry signals 



were generated using one of the SDRs with several PSK modulation schemes. The interference 

source LTE required two SDRs for uplink (UL) and downlink (DL) transmission by the user 

equipment (UE) and eNodeB (eNB) respectively. The remaining SDR was used for the AWGN 

source. All of these is combined in a final SDR assigned for filtering which will yield a clean 

Telemetry signal. 

 

A spectrum analyzer is placed before the filter and another after the filter to observe the changes 

and quality of signal that is filtered out. The complete testbed is depicted in Figure 4 with the 

devices labeled for simplicity. 

 

 
Figure 4: The final testbed with the Telemetry, LTE interference, Noise, digital filter and spectrum analyzers. 

The physical testbed is shown in Illustration 1, with SDRs and cables connecting them to the 

splitters and combiners.  

 

 
Illustration 1: The SDRs with transmitters, receivers, filter along with splitters and combiners. 

 

Parameters from Testbed 

 

To quantify the performance of the system, numerical parameters must be obtained. The numerical 

parameters include: antenna gain G/t, Bandwidth (BW) of the transmitted signal, BER or BLER 

(in LTE systems) typically required to be ≤ 10^(-6), center frequency (fc) in Hz, data rate in mbps, 

frame synchronization error rate (FSER) most likely required to be zero, I/Q rate, modulation 

scheme, noise floor can be calculated by the input SNR vs output SNR when passing through a 

device or by output noise vs thermal noise, Rx power in dB,  Rx sensitivity level (detection 

threshold), SNR and Tx Power. 

 



To qualify the performance of the system, visual parameters must also be obtained along with the 

numerical parameters, through a spectrum analyzer or a Vector Network Analyzer (or any of its 

variations)— to ensure that the system is working as expected, shown in Figure 5. Several images 

were generated using the testbed in study by using a BPSK signal. A clean signal vs. a noisy signal 

is shown for each of the parameters described below. These results are useful to help classify the 

testbed and the experiments in a numerical and visual way. Eye diagrams, constellation diagrams, 

and spectrum graphs can be obtained from the laboratory experiments. With the qualitative and 

quantitative results, the rules and techniques of interference mitigation can be generated. 

  

 
 

 

Figure 5: Constellation Graph, Eye diagram and FSER 

Experimentation 

 

The telemetry (TM) and LTE systems were simulated in out of band, adjacent band and in band to 

study the interference scenario and the results for L and S bands were included in the thesis paper 

[7]. Two different modulation schemes were used for the TM and LTE systems, they are OQPSK 

and 64-QAM respectively. Both of them are aggressive modulation schemes, used for the purpose 

of worst-case scenario. 

 

Adjacent band experiments were done in the Lower S bands with the TM frequency centered at 

2215 MHz and LTE DL frequency centered at 2200 MHz which were adjacent to each other. These 

experiments gave us the idea of actual adjacent band scenario with the ideal guard band required 

between two signals. The last set of experiments were done to observe the in band transmission 

from TM and LTE systems which is unlikely to happen. Both TM and LTE DL centered at 2200 

MHz. This resulted in overlap of the signals from both the system. The bandwidth of LTE signal 

is 20 MHz, and TM signal is typically 200 kHz. 

 

In order to explore the digital filtering techniques in mitigating interference between adjacent radio 

frequency signals, experiments were done in narrowband with amplitude modulated signals using 

frequency division multiplexing (FDM). A simple setup with the SDRs will analyze digital 

filtering with different types of IIR filter and their order shown in Figure 6. The filtering techniques 

using several IIR filters: Butterworth, Chebyshev and Elliptic are among the popular ones. Signals 

are transmitted in adjacent bands in order to study the performance of the bandpass rejection filters. 

Bandpass filter (BPF) in the receiver (RX) removes the interfering signal depending on the 

frequency response of the designed filter. The stopband and passband frequencies and their ripples 

of the BPF are adjustable. NI USRP SDRs were programmed using LabVIEW Communications 

Design Suite 2.0 to design the following transceiver. 

  



 
Figure 6: Testbed to analyze the performance of BPF. 

A spectrum analyzer is included to observe the filtered output waveform. Laboratory experiments 

were conducted using Butterworth, Chebyshev and Elliptic filter with variable filter orders in the 

narrowband with the AM signal 1 centered at 500 kHz and AM signal 2 centered at 501 kHz. The 

transmitter (TX) carrier frequency is set at 915 MHz with subcarrier frequencies at 500 kHz and 

501 kHz for AM signal 1 and AM signal 2 respectively. The TX gain is set to zero dB with I/Q 

rate typically 2 millions, and samples typically 200,000. The receiver (RX) was configured with 

the same carrier frequency, gain, I/Q rate and sample values as the TX. Additionally the RX was 

equipped with a BPF having the adjustable parameters: low cutoff frequency in Hz, high cutoff 

frequency in Hz, filter order, passband and stopband ripples as shown in Figure 16. 

 

 

RESULTS 

 

In this section the experimental results produced using the SDR testbed is demonstrated. The 

interference level from TM and LTE systems were measured for qualitative and quantitative 

analysis. The performance analysis of narrowband digital filter is also demonstrated.  

 

FSER, eye diagrams, constellations diagrams and power spectrum graphs were obtained from a 

set of experiments that included the adjacent band, out of band, and in band scenarios. The center 

frequency was changed in order to study these scenarios and the results were used to set rules for 

interference mitigation.  

 

LTE Interference on TM 

 

The impact of LTE system on the TM system in the adjacent band and in band were observed with 

the FSER, constellation, power spectrum and eye diagram. The adjacent band included the TM 

frequency centered at 2215 MHz with the LTE DL frequency at 2200 MHz. The in band scenario 

included the both the system operating in the same frequency that is 2200 MHz. 

 

Telemetry at 2215 MHz and LTE DL at 2200 MHz 

 



 

Figure 5: TM at 2215 MHz and LTE DL at 2200 MHz with FSER. 

 

Figure 6: The constellation graph, power spectrum and the eye diagram at 2215 MHz. 

The TM system was operational with the LTE UL and LTE DL system in the adjacent bands. The 

FSER values remained at zero with a clean constellation graph and eye diagram.  

Telemetry and LTE DL both at 2200 MHz 

 

Figure 7: TM and LTE both at 2200 MHz with FSER. 



 

Figure 8: The constellation graph, power spectrum and the eye diagram at 2200 MHz. 

The TM system was severely affected with the LTE system in the same band. The TM system 

performance at 2200 MHz was degraded with the constellation graph and eye diagram being 

jittery, and there is a drop in RX signal power with the FSER being highest due to the interference 

from LTE DL. 

 

Telemetry Interference on LTE 

 

The impact of TM system on the LTE system in the adjacent band and in band were observed with 

the performance parameters: BLER, constellation graph (PDSCH), and the data rate. The TM 

system, LTE UL and LTE DL system were centered at the same frequencies that were used for 

LTE interference on TM system previously. 

LTE DL at 2200 MHz and TM at 2215 MHz 

 

Figure 9: LTE DL at 2200 MHz and TM at 2215 MHz with the BLER. 



 

Figure 10: LTE DL constellation and data rate at 2200 MHz. 

The performance of LTE UL degraded by a small fraction with a reduction of approximately 1 

Mbps of data rate in the presence of TM system in the adjacent band. The LTE DL was fully 

functional, a clean constellation graph and maximum data rate were obtained. 

 

LTE DL and TM both at 2200 MHz 

 

Figure 11: LTE DL and TM both at 2200 MHz with BLER. 

 

Figure 12: LTE DL constellation and data rate at 2200 MHz. 

The in band LTE system performance were quite different from the adjacent band. The LTE UL 

was operational in the presence of TM system in the same band, but the LTE DL was hampered 



severely with high BLER, completely disrupted constellation graph and a significant drop in data 

rate which is approximately 50% lower than the baseline value. 

 

Bandpass Filtering  

 

The TM and LTE interference scenario was observed in the previous sections.  A possible 

interference mitigation technique is using bandpass filter, which rejects the adjacent interfering 

signal.  In this section we will analyze the performance of narrowband digital filters with different 

types of IIR filter and their order. Two signals centered at 500 kHz and 510 kHz are modulated 

using FDM. One of the adjacent signals which is centered at 510 kHz is filtered out using bandpass 

filtering techniques. The filtering techniques using several IIR filters: Butterworth, Chebyshev and 

Elliptic are among the popular ones. The power levels of the filtered-out signal will be measured, 

and the rejection criteria of the applied filter will be established. 

 

Chebyshev Filter 

 

In this section we will demonstrate the performance of a Chebyshev filter with orders 2, 5 and 10. 

The change in power levels of the adjacent signal after applying the filter will be measured and 

the filter profile will be demonstrated. The Figure 13 shows the frequency domain representation 

of the AM signals without any application of bandpass filter. The LabVIEW Power Spectrum gives 

us the waveform of the signals in the frequency domain with their corresponding magnitudes. 

  

  
 

Figure 13: The adjacent AM signals being separated by Chebyshev filters of order 2, 5, and 10. 

The Chebyshev filter with order 2 has a rejection level which can be barely noticed. The rejection 

level is lowest among its competitors. There is a significant improvement in the rejection level of 

the Chebyshev filter with order 5, but it is still much lower than the Elliptic filter of the same order. 

Chebyshev filter with order 10 has an outstanding rejection level, highest among the other filter 

with the same order. The interfering signal is suppressed with minimal interference. 

 
Table 1: Summary of Chebyshev filter performance 



Filter Order# AM Signal 1 Power 

in dB 

AM Signal 2 Power 

in dB 

Rejection Level 

in dB 

2 -56.89 -60.1 3.21 

5 -62.9 -97.72 34.82 

10 -66.79 -158.5 91.71 

 

Overview of Bandpass Rejection Levels 

 

The summary of Butterworth, Chebyshev and Elliptic filter bandpass performance levels are 

demonstrated in Table 2 and the overview shown in Figure 14 
Table 2: Summary of IIR filter performance 

Filter 

Order# 

Butterworth Chebyshev Elliptic 

Signal 

Power (dB) 

Rejection 

Level (dB) 

Signal 

Power (dB) 

Rejection 

Level (dB) 

Signal 

Power (dB) 

Rejection 

Level (dB) 

2 -56.78 12.32 -56.89 3.21 -57.79 10.4 

5 -62.89 30.09 -62.9 34.82 -62.91 59.99 

10 -66.66 60.14 -66.79 91.71 -67.63 58.97 

 

The Figure 19 demonstrates the performance graph of the family of Bandpass filters. 

 

Figure 14: Overview of bandpass filter rejection levels. 

 

 

CONCLUSIONS 

 

The interaction between the adjacent radio frequency signals were observed on the SDR testbed. 

The interference on TM, and LTE system were evaluated in different RF bands. The adjacent band, 

out of band, and in band scenarios can be used to draw conclusion for possible mitigation 

techniques. Digital filtering techniques were also explored in the narrowband RF signals. 

  

The TM system performance was evaluated in the presence of LTE system in three different cases: 

adjacent band, out of band, and in band. The TM system was fully functional in out of band 

experiments with the LTE system further apart. The TM system was functional with the LTE UL 

in the adjacent band, with the center frequencies 4 MHz apart from each other. The guard band 

between the two systems was approximately 1 MHz. Moreover, in the case of adjacent LTE DL 

system, the two systems were further apart from each other by 15 MHz with a higher guard band 

of approximately 5 MHz. The effect of LTE DL on TM system is much severe due to the 



aggressive modulation and higher signal power. The TM system performance was completely 

degraded by both the LTE UL and LTE DL system when they were overlapping with each other. 

Although both the systems operate in different bands but the in band experiments were done for a 

better understanding of the worst case scenario. The system performance for TM system included 

the FSER, constellation graph, eye diagram, and the power spectrum of the RX. 

 

The LTE UL and DL system performance were also evaluated in the presence of TM system. The 

LTE system performance was satisfactory with the TM system in the adjacent band, and out of 

band. But even though LTE system uses more aggressive QAM modulation scheme, whereas TM 

uses OQPSK modulation scheme, the LTE DL performance was hampered severely. This was 

observed in the in band experiments where TM system overlapped with LTE system. Again, this 

is not the usual case for the same reasons that the two systems operate in different bands. The LTE 

system performance parameters included: BLER, constellation graph and throughput or data rate 

measurements. 

 

In order to explore interference mitigation technique and to utilize the full potential of the SDR 

testbed, further analysis was done using narrowband digital filtering approach. The performance 

of narrowband bandpass rejection filter was evaluated with different IIR filters: Butterworth, 

Chebyshev and Elliptic. The bandpass filtering capability in rejecting the adjacent interfering 

signal were demonstrated with different filter orders. The signal power and rejection level were 

measured, and comparisons made. The change in rejection level of the Butterworth and Chebyshev 

were linear corresponding to the change in filter orders. Whereas, the Elliptic filter rejection level 

dropped after reaching a peak value. The Butterworth rejection level is highest in the initial stages 

of filter order but as the order increased, Chebyshev rejection level wins the race and reaches a 

staggering value of 91.71 dB with an order of 10. The Chebyshev filter would be the best choice 

for our purpose since it delivers a rejection of 70 dB or more, compared to the analog filter acquired 

by WSMR.  

 

 The flexibility of the SDR testbed allowed us to evaluate system performance in different RF 

bands with the systems using different modulation scheme like TM and LTE. The interference 

levels were demonstrated with the numerical and visual parameters and possible mitigation 

techniques were laid out. 
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