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White Paper



Greg Jue, 5G System Engineer, Keysight Technologies



Abstract Just a glance at today’s frequency allocations makes it clear that 5G technology will have to fit into crowded, congested and complex airwaves. Even in this cramped space, demand for higher data throughput continues to grow—and this is why researchers continue to look for new ways to use the available spectrum more efficiently with evolutionary and revolutionary signal formats. This white paper presents three sets of case studies and describes a flexible testbed suitable for use in an R&D setting. We demonstrate multiple versions of the testbed in a series of examples that focus on the coexistence of 5G with legacy wireless signals, 5G with satellite signals, and LTE with radar signals. Each version of the testbed incorporates Keysight hardware and software products capable of simulating, emulating, measuring, and analyzing a wide range of coexistence scenarios.
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Introduction As the wireless spectrum becomes increasingly crowded and congested, the potential for interference—unintended and unexpected—also increases. Achieving the industry’s goals for expected levels of performance and meeting user expectations for quality of experience depends on peaceful coexistence of future 5G waveforms with legacy 4G/3G networks, personal area network (PAN) signals, satellite transmissions, radar systems, and more. In many countries, sharing of licensed spectrum is a key element of future policy, as evidenced by the FCC announcement in July 2016. Sharing the airwaves places an even greater burden on operators and equipment manufacturers to ensure that 5G will coexist with the existing commercial wireless infrastructure, with non-military radar signals, and with military agencies such as the U.S. Department of Defense (DoD). Evaluating potential signal scenarios helps define crucial techniques that will mitigate the effects of interference between and among various types of signals. This white paper presents a flexible R&D testbed and demonstrates its capabilities in a series of three multi-part case studies: –– 5G coexisting with legacy wireless signals –– 5G coexisting with satellite signals –– LTE coexisting with radar signals The testbed incorporates off-the-shelf Keysight hardware and software products capable of simulating, emulating, measuring and analyzing these scenarios and more.
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Outlining the Importance of Coexistence The dictionary definition of “coexist” includes two ideas: “to exist together at the same time” and “to live in peace with each other especially as a matter of policy.” 1 Both of these are fitting and relevant as we consider the future of 5G wireless communication. The briefest glance at today’s allocations makes it clear that 5G technology will have to fit into a crowded, congested, and complex frequency-spectrum allocation. Even in this cramped space, demand for higher data throughput continues to grow. In response, researchers continue to look for new ways to use the available spectrum more efficiently. One example is the possibility of efficient spectrum sharing between commercial LTE networks and military radar systems, and this might occur in coastal areas when military vessels are away from port. Another example is the proposed use of LTE in the unlicensed 5 GHz industrial, scientific and medical (ISM) band, specifically using the unlicensed band as a secondary channel. Cognitive radio techniques are another possibility, offering the potential to increase spectrum utilization through dynamic sharing. Using decentralized spectrum management, cognitive radio can apply dynamic access technologies that find and occupy underutilized or “whitespace” chunks of spectrum on a secondary basis while also avoiding interference to the primary user. Whitespace in the terrestrial TV broadcast spectrum is an example (Figure 1). The cognitive algorithm can be reactive or predictive, as illustrated by the signal trajectory on the left that splits into a pair of frequency bands.



Figure 1. Cognitive radio can utilize dynamic whitespace to increase spectrum utilization while also avoiding interference to the primary user.



1.  http://www.merriam-webster.com/dictionary/coexist



Regulators are opening up more spectrum Policy makers are trying to enable innovation through recent rulings that open part of the 700 MHz low-band spectrum and the 28 GHz high-band spectrum. In February 2016, the European Union (EU) proposed new rules that would open up more spectrum in the low-band region (694 MHz to 790 MHz). In addition, the EU has entered into cooperation agreements with China, Japan and South Korea. [1], [2] In July 2016, the US Federal Communication Commission (FCC) allocated 11 GHz of spectrum for wireless broadband in the highband spectrum. This includes 3.85 GHz of licensed spectrum and 7 GHz of unlicensed airwaves: Upper Microwave Flexible Use service in the 28 GHz (27.5 to 28.35 GHz), 37 GHz (37 to 38.6 GHz) and 39 GHz (38.6 to 40 GHz); and a new unlicensed band at 64 to 71 GHz. [3] Also in July 2016, the White House announced a new initiative called the Platforms for Advanced Wireless Research (PAWR). Led by US Ignite, this industry consortium is focused on creation of four city-scale testing platforms. PAWR is part of the Advanced Wireless Research Initiative (AWRI), driven by the National Science Foundation (NSF). Keysight is participating in PAWR as a board member and through inkind contributions of hardware and software products supported by the expertise of technology specialists. [4], [5], [6], [7]
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The simulated spectrum shown in Figure 2 helps illustrate the future value of such approaches. This sub-6 GHz scenario shows a few 5G candidate waveforms (e.g., FBMC, UFMC, GFDM) intermingled with a variety of 3G and 4G waveforms (e.g., GSM, EDGE, LTE and W-CDMA). The simulated 5G candidate waveforms are ideal representations and have significantly lower out-of-band spectrum emissions than their 3G and 4G counterparts. Of course, this behavior could be significantly different after the signals are processed by real-world hardware.



Figure 2. For 5G, coexistence will be mandatory in the sub-6 GHz portion of the frequency spectrum.



In any given scenario, we need to answer a few key questions: –– How will the waveforms interact? –– How much out-of-band suppression will be required? –– How much guard band will be necessary? The ability to develop answers to these questions will benefit from flexibility in simulation software and measurement hardware. With these tools, the potential use-case is to generate various interference scenarios that include the desired signal along with potential interferers, and these are fed into receiver hardware to investigate the impact on system performance. Using software to generate such scenarios provides flexibility, and it also opens the door to creating signals that are currently difficult to generate with existing hardware. Further, it enables the creation of 5G candidate waveforms in the absence of prototype 5G hardware, and it also supports generation of signals when the associated hardware systems are not readily accessible (e.g., satellites or radar systems). All of these concepts form the driving idea behind the R&D testbed proposed and presented in the remainder of this paper.
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Sketching the Candidates In the development of 5G, researchers are assessing the strengths and weaknesses of many candidate waveforms. We will discuss several of the proposed candidates: orthogonal frequency-division multiplexing (OFDM), filter bank multicarrier (FBMC) and universal filtered multicarrier (UFMC).



Creating and analyzing candidate waveforms



OFDM is currently used in 4G. For that reason and more, it is under consideration for 5G through the use of filtered OFDM (f-OFDM). A related variant, generalized frequency-division multiplexing (GFDM), has many similarities but the carriers are not orthogonal. FBMC applies filtering on a per-subcarrier basis, and this provides improved out-of-band spectrum characteristics. Its flexible approach to baseband filtering relies on either a polyphase network or an extended inverse fast Fourier transform (IFFT) filter. UFMC, also called universal filtered OFDM (UF-OFDM), applies filtering on a per-subband basis (e.g., groups of sub-carriers with FMBC being a special case, which is a group of one). A potential benefit of this approach is reduced complexity in the baseband algorithms. Figure 3 uses a set of simulated waveforms to compare OFDM with FBMC, UFMC (UF-OFDM) and GFDM: –– Left trace: The two FBMC examples were configured with a filter overlap factor equal to 3 (green) and 4 (red). –– Center trace: The UFMC examples use Dolph-Chebyshev filters with side lobe levels of –40 dB (green) and –120 dB (red). –– Right trace: Both GFDM examples use a root raised cosine (RRC) filter, one with (green) and one without (red) the cyclic prefix used in OFDM.



Keysight’s Signal Optimizer software gives R&D engineers more time to focus on being first-to-market with their designs. It does this through all-in-one functionality that enables signal creation and signal analysis of 5G candidate waveforms: FBMC, f-OFDM, Enhanced LTE for 5G, and more. The digital modulation signal creation and analysis software, K3102A, expands the K3101A base software with essential capabilities needed for 5G development: Signal creation –– Use a guided block diagram to create waveforms and download to a signal generator or AWG –– Edit signal configuration using the familiar, simplified Signal Studio N7608B user menu –– Import setup files from Signal Studio N7608B-EFP Custom I/Q Signal analysis –– Characterize EVM and other signal-quality metrics of digital modulation or customized I/Q –– View EVM and other metrics in tables and traces similar to 89600 VSA Custom I/Q (option BHK) –– Two companion products add signal creation and analysis of 5G candidate modulation on LTE FDD (K3103A) and OFDM (K3104A). www.keysight.com/find/ signaloptimizer
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Figure 3. Across these comparisons with OFDM, the 5G candidate waveforms are likely to provide better results for adjacent users.



As is evident in all three traces, OFDM has high side lobes (e.g., out-of-band emissions) that can have an adverse effect on adjacent users. The three alternatives offer potentially better out-of-band performance and thus may enable use of much smaller frequency guard bands and also ensure greater spectrum efficiency. Potential benefits include better system performance for adjacent users and an increase in the number of users that can utilize the available spectrum. 2



Examining Coexistence: 5G/4G/3G/PAN Case Studies Our first case study illustrates a likely near-future scenario: 5G operating alongside 4G, 3G and PAN signals. Here, the 5G signal is FBMC and the 4G waveform is LTE. Figure 4 is a photograph of the flexible testbed used to create these coexistence scenarios. The large screen at the upper left shows the 89600 VSA software, and it is running on the N9030B PXA X-Series signal analyzer located beneath the display. The screen at the upper right shows the SystemVue Electronic System Level (ESL) software, an electronic design automation (EDA) environment that enables system architects and algorithm developers to innovate in the physical (PHY) layer. SystemVue, with its 5G baseband library (W1906EP), is running on a high-performance embedded controller (M9537A) installed in the AXIe chassis (M9505A) beneath the display. The chassis also houses a two-channel M8190A 12 GSa/s arbitrary waveform generator (AWG), which is the 2U module occupying the middle two slots.



2.  For more about 5G candidate waveforms, please the Keysight white paper Implementing a Flexible Testbed for 5G Waveform Generation and Analysis, publication 5992-0519EN.
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Figure 4. This configuration combines off-the-shelf hardware and software elements to provide a flexible testbed for coexistence investigations.



Because the simulated signals are all below 5 GHz, this configuration can use both output channels of the M8190A to generate a variety of signals: channel 1 will produce 5G candidate signals and channel 2 will generate a single waveform containing legacy 3G, 4G, and PAN signals. The two channels are combined using an external splitter connected to the input of the PXA signal analyzer. The PXA and 89600 VSA software are used to analyze the composite signal. The LTE and FBMC signals were generated using SystemVue’s schematic-style interface (Figure 5). Separate LTE and FBMC signal sources generate complex-valued waveforms and these are then applied to carrier signals using I/Q modulators. These are fed into a “signal combiner” element that, within the software, produces a single composite waveform that is then downloaded to the M8190A AWG.



Figure 5. This annotated diagram illustrates SystemVue’s fast and efficient schematic-style user interface.
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The signal combiner is a breakthrough in resampling technology. It is able to combine waveforms that have different center frequencies, bandwidths and sample rates by resampling the respective waveforms and generate a composite waveform with a user-defined sample rate that matches that of the AWG.



Part 1: FBMC coexistence with LTE The first step was using the PXA to measure the FBMC and LTE spectrum as modeled in SystemVue and generated by the M8190A. As shown in Figure 6, the out-of-band roll-off is much sharper with the FBMC signal than with the LTE (OFDM) signal. This is due to the per-subcarrier filtering used in FBMC.



Figure 6. With its sharper out-of-band roll-off, FBMC offers an advantage over OFDM as deployed in today’s LTE systems.



To evaluate the coexistence of LTE in the midst of a partially vacated FBMC signal, we modified the scenario in SystemVue to notch out 90 active subcarriers in the FBMC signal. Next, we set the LTE center frequency to place it in the middle of the notch (left side of Figure 7). On the right side of Figure 7, the screen image shows a measurement made with the 89600 software running on the PXA: with this notch configuration, the LTE error vector magnitude (EVM) is approximately 0.6 percent, which indicates minimal impact on the LTE signal due to the out-of-band FBMC components.
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Figure 7. Analyzing the spectrum measurement (top) with the 89600 VSA software produces a variety of informative traces including the error summary (lower screen, upper right trace). It shows an EVM of 0.6% for the LTE signal.
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Using SystemVue, we evaluated LTE EVM as a function of decreasing notch width in the FBMC signal. Figure 8 plots LTE EVM (vertical axis) versus FBMC notch width in terms of the number of deactivated subcarriers (horizontal axis). Moving from left to right, the effects become more significant when the notch is less than 70 carriers wide.



Figure 8. From left to right, interference grows and EVM degrades as the width of the FBMC notch decreases.



Another point worth mentioning: if we were to pass the FBMC waveform through a transmitter power amplifier (PA) that was in compression, the spectral regrowth of the FBMC signal may also have a negative effect on the LTE signal. This type of coexistence scenario could be useful in determining how much guard band is required between the two waveforms to maximize spectral efficiency. In this case, EVM was the metric for transmitter quality and a measure of interference effects; similarly, bit error rate (BER) and throughput rate can be used as metrics for receiver performance.
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Part 2: Effects of impairments To model the effects of impairments, we added a transmitter with a PA to the SystemVue schematic. The FBMC source produces an intermediate frequency (IF) that is bandpass filtered and upconverted to 2 GHz using a mixer and LO. Next, it is again bandpass filtered before going to a PA with 1 dB compression point to model the nonlinear characteristics of the amplifier. As before, this signal and the LTE waveform are sent to the signal combiner for resampling and blending as a single composite waveform. Rather than generation and analysis via hardware, this process proceeded solely in simulation. This was accomplished through the ability to use the measurement functionality of the 89600 VSA software within SystemVue. We ran this simulation with two values for the 1-dB compression point, 30 dBm and 27 dBm (e.g., RF impairments). Figure 9 shows the 30-dBm case: the simulated spectrum is on the left (FBMC in blue, LTE in red) and the 89600 analysis is on the right. Spectral regrowth from the simulated PA is filling the notch and, as a result, the notch is shallower than in the preceding case. In the 89600 trace, the lower-right panel shows an EVM of 2.1 percent, and this is due to the effects of spectral regrowth.



Figure 9. In the simulation, performance is adequate with a 1-dB compression point at 30 dBm.



13 | Keysight | Exploring 5G Coexistence Scenarios Using a Flexible Hardware/Software Testbed - Application Note



Figure 10 shows the results when the 1-dB compression point drops to 27 dBm. More spectral regrowth is evident in the notch and the EVM value has risen to 3.6 percent due to the increased interference.



Figure 10. Shifting the 1-dB compression point to 27 dBm affects coexistence of the signals and causes a visible decrease in performance.



This illustrates an important point: RF impairments in the PA have affected the coexistence of the FBMC and LTE waveforms. To generalize, RF design performance may have a material impact on the baseband performance of 5G candidate waveforms. If you are a system engineer, this may be an important consideration as you assess possible tradeoffs between baseband waveform requirements and RF design requirements. In effect, RF performance that cannot preserve baseband waveform characteristics may erode the desired out-of-band performance of a 5G candidate waveform.
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Part 3: Expanding the simulation To complete this discussion, we return to the process described at the beginning of this case. Using the M8190A AWG, channel 1 produced 5G candidate signals (2 GHz center frequency, 1.2 GHz sample rate) and channel 2 generated legacy 3G, 4G and PAN waveforms (2.2 GHz center frequency, 1.2 GHz sample rate). The left side of Figure 11 shows the resulting 5G waveforms as measured with the PXA signal analyzer, and the right side shows the array of legacy waveforms (WLAN and Zigbee were part of the simulation but fell outside the 300 MHz measurement span shown here).



Figure 11. Channels 1 and 2 of the M8190A AWG were used to produce a variety of 5G candidate (left) and legacy (right) waveforms.



Combining the two channels using the external splitter and measuring with the PXA produces the crowded and congested spectrum shown in Figure 12.



Figure 12. The combined spectrum hints at the potential difficulties in ensuring coexistence of new and existing signal types.



As an aside, this entire scenario could have been created as a single waveform in SystemVue and downloaded to the M8190A for playback using a single output channel. One or more separate signals could be created, downloaded, and generated using the other channel. This process is also scalable with the addition of another two-channel M8190A to the hardware portion of the testbed.
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Examining Coexistence: 5G (28 GHz)/Satellite Case Studies Our second set of case studies moves into the centimeter-wave range around 28 GHz. This region is of interest for applications that require high data throughput and spectrum sharing with satellite signals. Figure 13 is a photograph of a testbed configuration that expands on the system used in the sub-6 GHz cases. Once again, the key software elements are 89600 VSA and SystemVue (upper right and upper center, respectively). The M8190A AWG (middle center) remains an essential element, and beneath it is a 44 GHz E8267D PSG vector signal generator: the AWG generates I and Q signals that are used to modulate the carrier signal produced by the PSG. The signal analyzer is a 50 GHz N9040B UXA (lower right) that provides a 1 GHz analysis bandwidth. The other analysis tool is a 33 GHz DSOV334A oscilloscope (lower left). Both the UXA and the oscilloscope can be used with the VSA software for waveform demodulation and analysis.



Figure 13. Adding a 33 GHz oscilloscope (lower left) and a 44 GHz vector signal generator (bottom center) enables coexistence assessment at some of the higher-frequency bands being allocated for 5G.
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Part 1: Coexistence at 28 GHz To generate test scenarios, we used SystemVue to produce a wideband satellite waveform (APSK) and a wideband 5G candidate waveform (e.g., custom OFDM). As before, these were resampled, combined into a composite waveform, and downloaded into the AWG. The resulting I and Q waveforms produced by the M8190A are fed into the PSG’s wideband I/Q modulation inputs and applied to the carrier signal. Figure 14 shows the resulting spectrum containing the custom OFDM waveform (left) and wideband APSK satellite waveform (right). Analysis with the VSA software (not shown) reveals harmonious coexistence as evidenced by a relatively clean constellation diagram.



Figure 14. Deeper analysis confirms a heuristic assessment of this spectrum: the gap between signals is sufficiently wide to enable interference-free coexistence.



Modifying the simulation by moving the satellite signal about 100 MHz closer to the 5G candidate (Figure 15) brings an end to the harmony. Looking at the demodulation results for the custom OFDM signal in the VSA software shows significant dispersion in the constellation diagram, indicating significant interference from the satellite signal (Figure 16).



Figure 15. The apparent overlap between the signals hints at the potential for conflict rather than coexistence.
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Figure 16. As measured with 89600 VSA software, dispersion in the constellation (top) confirms the unwanted effects of signals that are too close together.



Using the VSA software to take a closer look reveals the effect of this interference on the custom OFDM subcarriers. In Figure 17 the white line is the average EVM value versus subcarrier, and it clearly shows an upward trend at the band edge (far right) where the satellite signal is interfering with the 5G waveform. Zooming in, the blue and green vertical lines represent the distribution of EVM at each subcarrier versus symbol, and taller lines indicate greater interference.



Figure 17. Zooming in on a display of EVM versus subcarrier highlights the increasing effects of interference near the band edge.
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Part 2: Shared spectrum at 39 GHz Shared spectrum may also be of interest in the 39 GHz frequency band. Because the PSG has a maximum frequency of 44 GHz, the same testbed can used to investigate this region. In this case, we used SystemVue to create a multicarrier satellite signal; each carrier was configured to be a QPSK, 8 PSK or 16QAM waveform. The 5G candidate waveform was unchanged. Figure 18 shows the resulting spectrum with the satellite signal on the left and the 5G candidate on the right. Experiments and analyses similar to those shown in Part 1, above, could be performed on this complex array of signals.



Reaching into the millimeter-wave spectrum In the pursuit of 5G, millimeter-wave (mmW) frequencies between 30 and 300 GHz are an important area of research. These extremely high frequencies have a number of attractive properties. For example, antenna dimensions can be very small compared to microwave antennas, and mmW antennas can be highly directional with small beam widths. Together, these attributes help mitigate interference. With wavelengths that range from 10 to 1 mm, losses due to atmospheric absorption are especially high at the resonant frequencies of oxygen, water, and carbon dioxide molecules. While this may seem problematic, it actually enables spectrum reuse by limiting signals such as WiGig (802.11ad) to a range of about 40 feet (about 12 meters).



Figure 18. SystemVue enables simulation of highly complex signals in the evaluation of potential interference scenarios.



Keysight is the industry’s leading innovator in the commercialization of tools for simulation, test and analysis at millimeter-wave frequencies. One example is the N9041B UXA X-series signal analyzer: it’s the first to provide frequency coverage to 110 GHz with a maximum analysis bandwidth of up to 5 GHz, and it has a displayed average noise level (DANL) as low as –150 dBm/Hz above 50 GHz. www.keysight.com/find/ millimeter-wave
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Examining Coexistence: Radar/LTE Case Studies In the United States, the commercial wireless industry has requested spectrum sharing where the LTE band overlaps with the DoD radar band, especially when naval vessels are not using radar in coastal areas. As currently defined, the military has priority and commercial operators can use the band only when it is not in use. This scenario presents another interesting case study in coexistence, and it is relatively easy to investigate with a third variation of our proposed testbed (Figure 19). Its major elements are the PXA signal analyzer (lower right), the M8190A AWG (lower left), and SystemVue (large monitor) with its radar baseband library (W1905EP) running on the embedded controller in the AXIe chassis.



Figure 19. This simplified testbed supports detailed analysis of the interactions between radar signals and commercial wireless signals.



Our scenario is the coexistence of an S-band radar system and an LTE transmitter within a multi-emitter environment. As constructed within SystemVue, the full complement of signals includes eight emitters: two S-band, one LTE, one EDGE, one GSM, two W-CDMA, and one WLAN.
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Part 1: Slight interference, moderate degradation To assess coexistence, we used the PXA to measure the spectrum and EVM performance of the LTE signal. Figure 20 shows a wideband trace (left) that includes all of the emitters and a zoom measurement (right) that focuses on the primary radar signal and the LTE signal. Analysis with the 89600 VSA software revealed an EVM of 1.3 percent and the EVM vs. subcarrier trace showed performance degradation due to interference from the radar signal.



Figure 20. In this example, narrowing the measurement span from 2 GHz to 300 MHz provides a more detailed look at the overlap between the LTE and radar signals.



Part 2: Stronger interference, greater degradation To modify the scenario, we moved the radar emitter frequency 50 MHz closer to the LTE waveform (left side of Figure 21). In this case, the radar emitter had a much stronger effect on the performance of the LTE signal: EVM grew to 14.1 percent and the constellation diagram showed significant amounts of dispersion (larger screen in Figure 20).



Figure 21. In the 89600 VSA display (right), the dispersion trace (upper left) and EVM vs. subcarrier plot (upper right) provide clear indication of coexistence issues as the radar signal encroaches on the LTE signal.
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So far, we have emphasized EVM, a transmitter metric, as an indicator of good or poor coexistence. Shifting our perspective, BER and throughput serve as key metrics for receiver sensitivity, with and without interferers. As a variation on the preceding example, we can assess the impact of an S-band radar interferer on the coded BER of a simulated LTE downlink. In this case, the radar uses a linear frequency modulation (LFM) chirp technique in which the chirp center frequency sweeps across a range of values. Figure 22 shows the simulation results for coded BER (vertical axis) as a function of radar-emitter center frequency (horizontal axis). The increase in BER from 0 percent nearly 24 percent is an indication of severe degradation as the LFM chirp sweeps across the LTE downlink frequency.



Figure 22. Measuring BER and plotting it versus the radar interferer center frequency highlights a potential coexistence problem.
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Conclusion As 5G research and development continues to mature, coexistence will be a crucial area of investigation whether the focus is on the interaction between new and legacy waveforms or between commercial and military systems. The testbed described here provides a flexible and scalable platform for assessment of multiple scenarios. While the testbed approach is viable in the R&D lab, it does not replace testing in the field with working systems. Being first and best in 5G depends on tools that let you explore new signals, scenarios and topologies. Keysight’s 5G solutions are ready to enable deeper insights as you, and we, evolve with the standard. In design and test, our solutions help you innovate across new and existing technologies as you transform ideas into reality. The race is on and Keysight will help you take the lead—from evolution to revolution to reality. www.keysight.com/find/5G-insight
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