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Introduction
Inter-band DL CA is introduced in Rel-16. Good progress has been achieved so far. But there are still open issues. One of them is PSD difference between 28+28, 39+39 and 28+39 GHz bands which UE should handle. In this contribution, we analyze general UE architecture and provide our view on this open issue. 
Discussion 
The latest WF [1] on FR2 inter-band DL CA has following Conclusions:
WF:
On Beam management:
· UE is assumed to be feasible to have independent beam management for the bands that are part of supported band configuration in inter-band CA for 28 GHz + 39 GHz combinations.
· “28GHz” stands for a band group includes n257, n258, n261
· “39GHz” stands for a band group includes n259, n260
· Beam management for the bands that are part of supported band configuration in inter-band CA for 28 GHz + 28 GHz or 39 GHz + 39 GHz combinations.
· Alt 1: UE is assumed to have common beam management
· Alt 2: UE is assumed to have independent beam management
On EIS spherical coverage
· Spherical coverage requirements for inter-band CA are tested from single AoA for Rel-16 if the following testability solution can be provided.
· Testability SI will study the TE capability of transmitting 28 GHz + 39 GHz, 28 GHz + 28 GHz, or 39 GHz + 39GHz from same direction simultaneously.
· PSD condition among bands. 
· PSD difference up to TBD dB between 28GHz and 39GHz shall be considered in the conformance test configuration and [equal] PSD among 28+28 and 39+39 band groups
· Confirm PSD condition for each scenario in RAN4#94.
· Defining EIS spherical coverage requirement for inter-band CA.
· The UE shall meet the EIS spherical coverage requirement simultaneously among bands, the common EIS spherical coverage range between the two bands shall be 50% for power class 3 UE.
· Rel-15 EIS spherical coverage requirement will be taken as baseline assuming that the relaxation for 50%-tile point for power class 3 UE is introduced. The relaxation framework and value are FFS. Relaxation value cannot be 0.
On peak EIS
· The UE shall meet the Peak EIS requirements per band for FR2 DL CA, and they are not required based on common coverage range between two bands; The relaxation framework and values are FFS



On EIS spherical coverage, the PSD difference between 28GHz and 39GHz bands is now TBD, and equal PSD assumption is within bracket for 28+28 and 39+39 band groups. 

Let’s discuss the PSD assumption for the bands within the same band groups first. Since the frequency characteristics for the bands within the same band groups are quite similar subject to a small variation due to larger frequency span, it is naturally to carry over the same assumption from Rel-15 to Rel-16. Since the PSD assumption for intra-band DL CA is ‘equal PSD’ in Rel-15, we propose the same PSD assumption across the bands within the same band groups. 

Proposal 1: on EIS spherical coverage, equal PSD is assumed among 28+28 and 39+39 band groups.

For inter-band between 28 GHz and 39 GHz, since two bands sit a few GHz apart (band gap at least > 7GHz) and frequency characteristics are different, it is assumed that beam management is independent and Rx paths for 28GHz and 39GHz bands are implemented separately. It could be possible for a UE to handle certain PSD imbalance between these two band groups.

In last meeting, a company proposed that a UE supporting inter-band DL CA between 28GHz and 39GHz bands needs to handle at least 30dB PSD imbalance for collocated and non-collocated BS deployments [2]. In the following discussion, we provide our analysis and conclude that it is possible to handle 30dB PSD difference with certain limitations.

The current FR2 spectrum with approved bands below 52.6GHz is shown below in figure 1. 



Figure 1 Rel-16 FR2 bands
In 28GHz band group the widest band is n258 which has 3.25GHz bandwidth while in 39GHz band group the widest band is n259 which has 4GHz bandwidth. 

Since for Rel-16 intra-band DL CA, the maximum frequency separation class is at least up to 2400MHz, a UE may be designed with a wider Rx capture bandwidth aligned with the largest bandwidth within each band group to support all bands within the group. While when DL signals in other band group (a.k.a Out of band signals) exist, the analog low pass filter must be implemented after LO down-conversion to suppress out of band signals in order to reduce aliasing (SNR degradation) created by ADC sampling. That means the analog low path anti-aliasing filter for 28GHz band group needs to have the cutoff frequency Wc = 3.25/2 = 1.625GHz to suppress the interference from 39GHz bands, while Wc = 4GHz/2 = 2GHz to support 4GHz bandwidth for 39GHz band group and suppress the interference from 28GHz bands. 

A simplified direct down-conversion architecture is presented in the Figure 2 with reasonable trade off among implementation complexity, cost and power consumption to understand how much PSD imbalance a UE can tolerate.



Figure 2 Simplified Rx architecture
  Figure 2 represents one Rx path for a band group. There is another one for the other band group which is not shown here but should be at UE implementation. All key components are shown here to include antenna array, LNA, LO, LPF and ADC. 

First component is antenna array. Antenna array can be frequency selective. When being optimized at frequency of one band group, in general, there is natural rejection to the signals at the other band group due to frequency component mismatch, but rejection level highly depends on antenna element gain and phase shifters vs. angle of arrival of two band group signals. In some cases, with the different AoAs at non-collocated BS deployment scenarios, the antenna array can pick up the other band signals from side lobes when it steers beam to its own band of BS. The rejection can be negative which means amplification of unwanted signals from the side lobes. Please note in [1], the PSD imbalance was “measured based on RSRP UE receives”. That means PSD imbalance already includes the antenna array contributions. Since antenna array gain is different at different AoAs, configuration of OTA signals generated by TE to get certain PSD imbalance is impossible at the RSRP measurement plane without knowing accurate array gain at different AoAs for the two bands (from different band groups). But it can be possible when both 28GHz and 39GHz OTA signals are within the same AoA under the assumption that array gain for both band groups are similar at given AoA directions.

Proposal 2: In OTA conformance test of FR2 inter-band DL CA, both 28GHz and 39GHz bands should be within a common single AoA.

Although exact array gains generated by one antenna array for two bands could be different at any direction, the gain difference can be verified within a few dB. For simplicity, it can be ignored comparing the large PSD difference to be analyzed.

It is also assumed that LNA and LO work in linear region. Otherwise, IM3 from its own band and possible IM5 from other band dominate in-band noise floor.  

After down conversion, the interested band is down shifted with center at DC. The complex spectrum is shown below, with in-band signal shown at n260 from 39GHz band group while band n257 is closest interfering band (blocker). When in-band signal is in 28GHz band group, for example, n257, then LPF should reject interference from 39GHz band group, in our case, n260. The LPFs are different in cut-off frequency Wc in above two cases. But it is not expected to have significant difference in rejection performance to the other band. We take LPF with Wc = 2GHz (designed for band n260 and) applied to n259 while blocker is at n257 for following analysis.
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Figure 3 Down shifted band n257 and n260

Analog LPF suppresses out-of-band signals in the band n257 to prevent severe aliasing from ADC sampling. Normally order n=3 analog lower pass is a good candidate in term of the tradeoff between complexity and performance. Taking 3rd Butterworth filter as a prototype, the out-of-band attenuation roughly follows the slope of 20n = 60dB per decade. In the example, the upper edge of n257 is 9GHz away from DC (center of n260), then the LPF out-of-band attenuation at 9GHz is roughly 39dB with Wc = 2GHz, which is minimum out-of-band rejection achieved by the LPF. 

Since ADC sampling rate must be at or higher than Nyquist rate of signals, ADC sampling rate should be greater than 4GHz. Take ADC sampling rate = 4GHz, which is available in high-end commercial products, the fall-in image from band n257 signals to n260 can be controlled below PSD of n260 by 9dB if n257 has 30dB higher PSD than n260. 

Extra -9dB aliasing noise will degrade in-band signal performance. It makes higher MCS transmissions impossible without significant performance degradation. Even at sensitivity level, the degradation is not negligible. In sensitivity test configuration, -1dB SNR is assumed for RFC waveform. With -9dB extra background noise from out-of-band aliasing, it is can be calculated that MSD degradation is around 0.46dB. It can be seen that 30dB PSD imbalance is possible handled by UE at lower MCS, not higher MCS, but even at lower MCS performance degradation must be considered in term of MSD.

Observation 1: Based on reasonable hardware design, 30dB power imbalance can be tolerated at sensitivity level with non-zero MSD.  

Another key parameter of ADC is ENoB. Quantization noise floor should much below interested signals. This requires ADC ENoB to be sufficient. When 30dB PSD imbalance is present, after LPF, the strong out-of-band signals are attenuated. In above example, n257 signals are suppressed by 39dB in PSD.  The minimum required ADC quantization noise floor in term of dB down from Full Scale:

Min ADC dynamic range (dB) = Margin + PAPR + PSD imbalance – LPF attenuation + SNRQ - Oversampling ratio 

where:
Margin: 6dB, count for AGC and power detection accuracy
PAPR: For multiple CCs, PAPR of 15dB is assumed
Oversampling ratio: ratio of ADC sampling rate to interested signal BW.
SNRQ: signal to quantization noise ratio per subcarrier

At sensitivity level (Demod required SNR = -1dB), SNRQ needs to be greater than 20dB in order to make quantization noise negligible to the sensitivity. With interested signal BW = 2700MHz and ADC sampling rate = 4000MHz

ADC dynamic range (dB) = 6+15+30-39+20 - 10*log10(4000/2700) = 30.3dB

The Min required ENoB can be derived from the formula 

Min ADC dynamic range = 6.02*ENoB + 1.76 (dB)

which gives ENoB = 4.8 bits which is commercially achievable for ADCs with 4G sampling rate. 

The required ENoB for high MCS transmission actually needs to be larger in order to achieve low quantization noise thus high SNR. But high MCS transmissions cannot tolerate 30dB PSD imbalance between two bands. This is because of the aliasing noise will significantly degrade the high MCS performance by introducing significant aliasing noise.

Proposal 3: For inter-band CA between two band groups, 30dB PSD imbalance between bands in different band groups should be specified at sensitivity test with MSD = 0.5dB.

Please note, the example given here represents a performance which can be achieved typically. 
 
Conclusion

In this contribution, The PSD imbalance between two bands in inter-band DL CA is analysed. It is possible for UE to tolerate up to 30dB PSD difference with some restrictions. We have following proposals and observations.

Proposal 1: on EIS spherical coverage, equal PSD is assumed among 28+28 and 39+39 band groups.

Proposal 2: In OTA conformance test of FR2 inter-band DL CA, both 28GHz and 39GHz bands should be within a common single AoA.

Observation 1: Based on reasonable hardware design, 30dB power imbalance can be tolerated at sensitivity level with non-zero MSD.  

Proposal 3: For inter-band CA between two band groups, 30dB PSD imbalance between bands in different band groups should be specified at sensitivity test with MSD = 0.5dB.
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