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1. Introduction
In RAN4 #107 WF [1], the following agreement was captured:
Issue 2-1-2: Coherence bandwidth of RC 
Agreements: 
· Based on the measurements, RAN4 confirm that at least 2MHz coherence bandwidth of RC system is sufficient for NR FR1 measurement.
This coherence bandwidth (CB) of 2 MHz is arrived at empirically. The same is true for the LTE transmission standard in the current CTIA reverberation chamber (RC) test plan, which was arrived at empirically during development of the test plan. This contribution explores an alternative method for standardized chamber loading for OFDM signal measurements based upon the longest realistic delay spread [2]. The longest realistic delay spread would then be determined from 3GPP channel models upon which the device under test (DUT)’s front-end design is based. This proposed method requires further study.
2. Discussion
In [3], 5G FR1 TRS measurement results using an RC with different CBs of 9.52 MHz and 2.68 MHz were presented. The results showed a small gap (within 1 dB) between AC and RC results for both CBs, observing that increasing the CB of RC larger than 2 MHz does not provide a significant difference.
Likewise, Table 3-4 “Transmission Standard, Channel Bandwidth (MHz), and Coherence Bandwidth (MHz)” of CTIA 01.73 Supporting Procedures [4] states that the loading for the RC should provide a CB of 4.0 MHz for LTE measurements. As stated in Note 1 of Table 3-4: “The CBW for LTE is based on the upper limit for loading (WCDMA) as opposed to actual channel bandwidth.” This value was arrived at empirically during the development of the CTIA RC test plan. This contribution proposes an alternative method for determining the loading for OFDM measurements based upon the longest realistic delay spread specified in 3GPP channel models [5]. The method could be applied to any OFDM signals based transmission standard, such as LTE, 5G FR1 or 5G FR2 transmission standards.
Subcarriers in OFDM waveforms are designed to be narrowband and independent from one another in order to improve reception in multipath environments. Narrowband signals are less susceptible to frequency-selective fading created by a multipath environment. Thus, for FDD systems, the simultaneous transmission of a collection of independent narrowband subcarriers allows the reception of a large amount of data by use of a method that is more impervious to multipath introduced by, for example, urban or indoor settings.
Figure 1 shows a measured LTE B1 (1920 MHz – 1980 MHz uplink) OFDM waveform consisting of 50 resource blocks x 12 subcarriers/RB = 600 subcarriers. With a subcarrier spacing of 15 kHz, this yields a channel bandwidth of approximately 10 MHz. The subcarriers vary over a wide range of power values within this 10 MHz channel. The receiver front end has been designed to accommodate such a wide variation of received power values.[image: ]   
Figure 1: Measured spectrum of a Band 1 OFDM waveform in a 10-MHz channel from a handset in an anechoic environment. Subcarrier levels vary up to tens of decibels across the channel. (From [2]. Spectrum measurements provided by Améya Ramadurgakar, NIST research associate from CU Boulder.)

In the RC, because each subcarrier acts as an independently transmitted narrowband signal, the CB theoretically needs only to exceed the subcarrier spacing. Because the subcarrier spacing is very narrow in OFDM waveforms (on the order of 15 kHz – 960 kHz), theoretically very little, if any, loading is required to meet the CB requirements.
However, the front-end of the physical receiver is designed to accept a limited range of subcarrier received powers. This range of powers corresponds to the power distribution of the transmitted subcarriers convolved with the expected frequency response of the multipath channel. For example, if a high-power subcarrier experiences a low path loss while a nearby lower-power subcarrier experiences a high path loss, the linear range of operation of the receiver’s front end may be exceeded.
Thus, for OFDM measurements, it may be necessary to load the RC, but not in order to broaden the CB. Rather, loading may be needed for OFDM measurements to reduce the peak-to-average excursions provided by the instantaneous channel that corresponds to the individual stirring samples in the chamber. Limiting the level and number of variations of the frequency response of the chamber ensures that the convolution of the transmitted signal with the channel provided by the RC will not exceed the range of input power levels for which the receiver’s front-end was designed.
An illustration of the typical effects of loading on RC frequency response is shown in Figure 2, where we plot  measured in a large RC (4.27 m x 3.65 m x 2.90 m). The same frequency range as shown in Figure 1 is plotted. The stirring sequence uses two rotational paddles and a rotating platform, all stepped with a 1° step for 360 stirring samples. 
Figures 2(a) and 2(b) show the mean over 360 samples and three individual samples for an unloaded chamber (CB of approximately 600 kHz). Figures 2(c) and 2(d) shown similar results but for the chamber loaded with 11 absorbers (CB of approximately 6.7 MHz).
While the mean over the 360 stirring samples varies by only a few decibels as a function of frequency, the individual channels that the DUT would be exposed to can vary by more than 25 dB. In Figure 2(b), adjacent samples can vary by up to 25 or 30 dB. In Figure 2(d), there are still deviations close to 20 dB, but the channel is more slowly varying as a function of frequency. In summary, when the variations in the subcarrier amplitudes are convolved with a rapidly and strongly varying channel response, the front-end of the receiver may distort. Slower deviations better represent the real-world channels in which the DUT was designed to operate. This effect is mentioned in [6] in the context of realistic 5G devices: “If the signal has a greater bandwidth, care has to be taken to consider the propagation variation over the signal bandwidth.”
How much loading is needed to create an environment for which the DUTs’ front ends were designed? What metric should be used to determine when the channel is flat enough? Distortion can be introduced into filtering, mixing, and sampling operations if the channel exceeds the peak-to-average power ratio (PAPR, i.e., the peak excursions of path loss within the band) or level crossing rate (i.e., how quickly the channel varies within the band) for which the receiver was designed. Metrics such as PAPR (computed across the band for a given channel model), the root-mean-square (RMS) delay spread (computed for a given channel model), and/or the level-crossing rate could be used to ensure the RC does not place the receiver into an undesired operating condition.[image: ] [image: ]
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Figure 2: Plots of  measured in a large RC. Blue dots are the mean over 360 stirring samples. The other curves represent the instantaneous channel presented to the DUT by the RC. In (a) and (b): Unloaded chamber (CBW ~600 kHz). Excursions up to 30 dB are seen within a narrow bandwidth. In (c) and (d): Loaded chamber (CBW ~6.7 MHz). Excursions are reduced to less than 20 dB and occur more slowly as a function of frequency. (From [2]. Reverberation chamber measurements provided by Robert Jones, NIST research associate from Colorado School of Mines.)

Standardizable limits for these metrics could be derived from the existing set of 3GPP channel models [5] because the front ends of cellular-device receivers are designed to receive OFDM waveforms that have propagated through these 3GPP-like channels. Ensuring that the RC loading does not allow the instantaneous channel to exceed the excursions specified in the 3GPP channel models will minimize the likelihood that the receiver will be placed into an undesirable operating range. This would prevent the RC configuration from introducing front-end distortion, allowing the device over-the-air (OTA) performance to be tested in an effectively isotropic environment.
Note that the concept that the chamber configuration can cause front-end distortion under low loading conditions is supported by the TIS graph in the CTIA contribution “Coherence Bandwidth for NR FR1 TRP and TIS” [7], where TIS improves and appears to converge for higher loading conditions. Note also that the excursions will be chamber size and frequency dependent because they depend on the number of modes supported by the RC configuration.
3. Conclusions
The frequency response of the channels in which OFDM receivers are expected to operate satisfactorily can be derived from the various channel models in the 3GPP specifications [5]. The 3GPP channel model that provides the longest RMS delay spread will typically also provide the largest variation in frequency response across the channel. Thus, the longest realistic RMS delay spread and the corresponding frequency response can be determined from the current set of 3GPP channel models in [5].
For the measurement of OFDM technologies, each lab could load their RC so that the instantaneous channel provided by each mode-stirring sample meets the agreed-upon performance metric (such as peak-to-average power ratio, RMS delay spread or level-crossing rate, which would require further study) corresponding to the 3GPP channel model with the longest delay spread. In this sense, inter-laboratory comparisons could be carried out to study the proposed metric values.
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