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Introduction
[bookmark: OLE_LINK38]This contribution is a continuation of the power-based measurement approach to estimate the minimum measurement distance required between common RX and TX antenna combinations to yield convergence with results in the far-field [1]. The results for two different antenna combinations show that the minimum measurement distance is a fraction of the commonly referenced 2D2/ estimate of the far field distance with D defined as the minimum sphere diameter enclosing the device under test (DUT). The goal is to continue this investigation for a variety of representative UE antenna array implementations and to derive a suitable minimum range length requirement for the UE RF baseline system.
As outlined in [1, 2], the experimental method to determine the minimum measurement distance is based on EIRP measurements as a function of TX and RX antenna separation and the convergence of the curve with the free-space loss gradient. Additionally, for the antenna combinations investigated, the contribution demonstrates that the signal quality could be assessed at even smaller measurement distances as the EVM converges at smaller antenna separations than EIRP measurements. 
In [1], the received LTE power (RSRP) reported by the UE for a fixed downlink power was measured for different distances between the UE and TX antenna. The goal of this contribution is to apply a similar concept to the frequency band of interest, i.e., 28GHz. Due to the lack of commercial devices and communication testers, the measurements performed in this contribution utilize a non-signalling setup with a spectrum analyzer and a signal generator. However, the measurements utilized modulated test signals based on Verizon’s pre-5G specification [3]:
· 100MHz (as well as 5MHz) Channel Bandwidth 
· 16 QAM
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Measurement Setup
The measurement setup is outlined schematically in Figure 1. The RX horn antenna is connected to the spectrum analyzer, R&S®FSW67 with a frequency range up to 67 GHz, while the TX Antenna Under Test (AUT) is connected to the signal generator, R&S®SMW200A with a frequency range up to 40 GHz; the spectrum analyzer measures the frame power of the Verizon pre-5G signals generated by the signal generator. A power amplifier with 22dB of gain at the output of the signal generator is used to compensate the relatively high path losses for larger measurement distances studied in this contribution.  Both antennas (RX: horn antenna, TX: AUT) are connected to the test equipment using mm-wave coax cable connections. The separation distance between the antennas, placed in an open area test site, is varied over a fairly large range, i.e., from 1cm to ~2m to guarantee that the transition between near and far field is captured. 
[image: ]
Figure 1: Measurement Setup for EIRP and EVM Measurements
[bookmark: OLE_LINK20]Minimum Distance for Power Measurements with Two Horn Antennas
[bookmark: OLE_LINK21][bookmark: OLE_LINK22]The first set of EIRP measurements were performed with two identical horn antennas from A-Info (part number LB-28-20) with supported frequency range of 26.5 to 40GHz. The antennas have a length (L) of 70mm with the horn’s aperture measuring 40.5mm x 32mm in width (W) and height (H) as outlined in the technical drawings of the antenna in Figure 2.
[image: ]
[bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK25]Figure 2: Technical drawing of the measurement horn antenna (A-Info LB-28-20)

[bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK13]Table 1 outlines two different approaches to determine the far-field distance, rf,horn, for this horn antenna. The most conservative approach is to determine the minimum sphere diameter, Dsphere, enclosing the device under test (DUT) which yields a far-field distance of approximately 1.2m. On the other hand, it is well known that for broadband antennas, different frequencies are radiated from different regions along the antenna, the so called active region [4]. For a horn antenna, the lowest frequency of operation is radiated from the open end/aperture, i.e., 28GHz for the horn antenna under test is radiated from the aperture of the horn measuring 40.5mm x 32mm in width (W) and height (H). A more accurate approximation of the far-field distance for this antenna should therefore be based on the dimension of the active region, DAR, which yields a far-field distance of approximately 0.5m. 


Table 1: Far-field distance approximation for the horn antenna at 28GHz
	Approximation of D and FF Distance rf
	Based on Sphere enclosing DUT
	Based on Dimensions of Active Region (W, H)

	D
	
	

	
	
	



[bookmark: OLE_LINK39]
Observation 1: The far-field distance of a broadband horn antenna, supporting 28GHz at the lower end of the bandwidth of operation, was estimated with the well-known 2D2/ equation. When D is assumed to be the minimum radius of the sphere enclosing the antenna, the far-field distance is more than twice compared to when D is assumed to be the minimum radius of the sphere enclosing the active region of the antenna. 
[bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]The EIRP measurements performed with the setup in Figure 1 utilizing the pre-5G signal with 100MHz channel bandwidth are shown in Figure 3 for two identical horn antennas facing each other. 
[image: ] 
[bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK1][bookmark: OLE_LINK16]Figure 3: EIRP measurements and normalized path loss for the combination of two horn antennas (A-Info LB-28-20)
[bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK41]The free-space path loss (FSPL) proportional to 1/r2 is plotted in a normalized fashion to match the EIRP values at large measurement distances. While alternate definitions are not precluded, in this contribution the minimum measurement distance for power measurements is proposed as the point where the deviation between EIRP and the normalized free-space path loss exceeds 1dB; this definition and the subsequent choice of the minimum range length for the baseline system has a direct impact on the measurement uncertainty (MU) of the baseline system. 
[bookmark: OLE_LINK40][bookmark: OLE_LINK43]
[bookmark: OLE_LINK48][bookmark: OLE_LINK42]Proposal 1: The minimum measurement distance for power measurements between a combination of TX and RX antennas is proposed as the point where the deviation between EIRP and the normalized free-space path loss exceeds 1dB. At antenna separations greater than this minimum measurement distance, the results have converged with the far-field results with a non-zero measurement distance MU. 
This deviation is shown in Figure 4 for two measurement campaigns: one for the pre-5G signal with 100MHz channel bandwidth and one with 5MHz channel bandwidth. As expected, the differences between both curves is insignificant. 
[bookmark: OLE_LINK45][bookmark: OLE_LINK44]
Observation 2: The minimum measurement distance for power measurements does not depend on the CBW. 
The minimum measurement distance, i.e., where the deviation between EIRP and the far-field path loss exceeds 1dB, is found to be ~0.3m. This is significantly less than the estimated far-field distance of the antenna based on the sphere enclosing the DUT but is close to the estimated far-field distance of the horn antenna based on the active region dimensions. 
[bookmark: OLE_LINK46]
Observation 3: The minimum measurement distance between two identical horn antennas is close to the estimated far-field distance based on the conservative 2D2/ equation when D is assumed to be the minimum radius of the sphere enclosing the active region of the antenna. 

[image: ] 
  Figure 4: Deviation of EIRP measurements from normalized path loss for the combination of two horn antennas (A-Info LB-28-20)
[bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK12][bookmark: OLE_LINK19][bookmark: OLE_LINK30]Minimum Distance for Power Measurements with a 4x2 Antenna Array and Horn combination
The second set of measurements were performed with a 28GHz 4x2 passive patch antenna array integrated in the centre of a PCB simulating the typical dimensions of a very large smartphone/phablet. The schematic drawing of the antenna/PCB configuration is shown in Figure 5. The dimensions enclosing the antenna array are 1cm (w) by 2cm (w), a fraction of the PCB size of 20cm (W) by 10cm (H). 
[image: ]
Figure 5: Schematic drawing of the 4x2 antenna array centred on the PCB
In order to estimate the far-field distance of the antenna array with measurements, a pair of identical antennas would be ideal which unfortunately were not available. However, the combination of horn antenna and antenna array is the setup most likely used for UE RF conformance and performance tests evaluated in a UE RF baseline system and therefore the most suitable setup to determine the minimum measurement distance for a baseline system. 
Table 2 outlines the different approaches to determine the estimated far-field distance, rf,array,  based on the sphere enclosing the DUT, i.e., PCB, and based on the dimensions of the radiating elements/active region. Two vastly different estimates are obtained: 9.3m vs 9cm. 
Table 2: Far-field distance approximation for the antenna array
	Approximation for D and FF Distance
	Based on Sphere enclosing DUT (W, H)
	Based on Dimensions of Active Region (w, h)

	D
	
	

	
	
	



The empirical minimum measurement distance for the combination of the 4x2 antenna array (TX) and the horn antenna (RX) discussed in the previous section was determined with the setup in Figure 1. The deviation between EIRP measurements and the free space path loss as a function of measurement distance are shown in Figure 6 for 100MHz and 5MHz channel bandwidths. Some of the outlier measurements are likely caused by imperfections in the test setup.
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]The minimum measurement distance for power measurements, i.e., the location where the deviation between EIRP and the free-space path loss exceeds 1dB, is found to be around 0.15m, significantly less than the estimated far-field distance calculated based on the sphere enclosing the PCB. 

[bookmark: OLE_LINK49]Observation 4: The minimum measurement distance between a horn antenna and an antenna array integrated on a large PCB is significantly smaller than the far-field distances for each respective antenna based on the conservative 2D2/ equation when D is assumed to be the minimum radius of the sphere enclosing AUT/DUT.  

[image: ] 
[bookmark: OLE_LINK35]Figure 6: Deviation of EIRP measurements from normalized path loss for the combination of the 4x2 antenna array and horn antenna (A-Info LB-28-20)
[bookmark: OLE_LINK50]Proposal 2: Going forward, a variety of NR antenna implementations will be investigated using the outlined approach in proposal 1 to determine the respective minimum measurement distances. Based on the empirical minimum measurement distances for suitable baseline system RX and TX antenna combinations, a minimum range length for the baseline system will be proposed, e.g., X times the maximum of the observed minimum measurement distances, together with a measurement uncertainty for the proposed minimum range length. 
Depending on the DUT size, baseline systems with different range lengths will be necessary. 
EVM Measurement Results
While the previous sections were focused on a key TX power RF performance metric, i.e., EIRP, this section is focusing on another key UE RF performance metric, i.e., EVM. For the two antenna combinations, horn-horn and horn-antenna array, EVM measurements were performed with the same setup as the EIRP measurements outlined in Figure 1 and presented in Figures 3, 4 and 6, i.e., EVM and EIRP were measured sequentially with the R&S® QuickStep Test Executive Software. 
The EVM measurement results for the horn-horn antenna combination are presented in Figure 7. 
[image: ]
Figure 7: EVM measurements for the combination of two horn antennas (A-Info LB-28-20)
The results show that for the 5MHz channel bandwidth, the EVM is constant with measurement distances exceeding ~4cm, significantly smaller than the previously determined minimum measurement distance for power measurements of ~30cm. The EVM measurements using a 100MHz channel bandwidth also show constant behaviour from ~4cm up to ~1m after which the EVM is monotonically increasing with measurement distance. This is caused by insufficient signal-to-noise ratio (SNR) of the received signal. A more powerful power amplifier would be required than the utilized 22dB gain amplifier. 
Observation 5: EVM performance depends on CBW and compared to EIRP measurements requires significantly higher SNR conditions. 
The EVM measurement results for the horn-array antenna combination are presented in Figure 8. 
[image: ]
Figure 8: EVM measurements for the combination of the 4x2 antenna array and horn antenna (A-Info LB-28-20)
The results for this antenna combination show that for the 5MHz channel bandwidth the EVM remains constant with measurement distances exceeding ~3cm, significantly smaller than the previously determined minimum measurement distance for power measurements of ~15cm. Starting at ~50cm, the EVM increases with measurement distance due to the insufficient SNR of the received signal. EVM measurements using 100MHz channel bandwidth show a very small constant EVM region between ~3cm and ~10cm before the EVM increases monotonically with measurement distance. The onset of the monotonic behaviour for the horn-array antenna combination at smaller measurement distances when compared to the horn-horn combination is due to the smaller antenna gain of the antenna array than the horn antenna. 
[bookmark: OLE_LINK36][bookmark: _GoBack][bookmark: OLE_LINK37]Observation 6: The signal quality results for the passive antenna array investigated show that for EVM, smaller measurement distances are acceptable to observe convergence with results in the far-field than for the power-based performance metrics. 
[bookmark: OLE_LINK31][bookmark: OLE_LINK34]Summary/Conclusions
Observation 1: The far-field distance of a broadband horn antenna, supporting 28GHz at the lower end of the bandwidth of operation, was estimated with the well-known 2D2/ equation. When D is assumed to be the minimum radius of the sphere enclosing the antenna, the far-field distance is more than twice compared to when D is assumed to be the minimum radius of the sphere enclosing the active region of the antenna. 
Proposal 1: The minimum measurement distance for power measurements between a combination of TX and RX antennas is proposed as the point where the deviation between EIRP and the normalized free-space path loss exceeds 1dB. At antenna separations greater than this minimum measurement distance, the results have converged with the far-field results with a non-zero measurement distance MU. 
Observation 2: The minimum measurement distance for power measurements does not depend on the CBW. 
Observation 3: The minimum measurement distance between two identical horn antennas is close to the estimated far-field distance based on the conservative 2D2/ equation when D is assumed to be the minimum radius of the sphere enclosing the active region of the antenna. 
Observation 4: The minimum measurement distance between a horn antenna and an antenna array integrated on a large PCB is significantly smaller than the far-field distances for each respective antenna based on the conservative 2D2/ equation when D is assumed to be the minimum radius of the sphere enclosing AUT/DUT.  
Proposal 2: Going forward, a variety of NR antenna implementations will be investigated using the outlined approach in proposal 1 to determine the respective minimum measurement distances. Based on the empirical minimum measurement distances for suitable baseline system RX and TX antenna combinations, a minimum range length for the baseline system will be proposed, e.g., X times the maximum of the observed minimum measurement distances, together with a measurement uncertainty for the proposed minimum range length.
Observation 5: EVM performance depends on CBW and compared to EIRP measurements requires significantly higher SNR conditions. 
Observation 6: The signal quality results for the passive antenna array investigated show that for EVM, smaller measurement distances are acceptable to observe convergence with results in the far-field than for the power-based performance metrics. 
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