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1 Background

In this follow-up to [1] we consider UE implementation aspects on key transmitter and receiver requirements for NR operation below 6 GHz. We mainly consider conductive requirements but recognize that these should be complemented by an OTA specification considering the number of antenna elements considered for a UE supporting NR; it is expected that UE beamforming (BF) will be a key feature of NR, which means that OTA measurements will be relevant also below 6 GHz not only for radiated power measurements.
Agreements made by RAN1#84bis give a first indication of expected UE performance requirements; for the waveform
· largest component carrier bandwidth not smaller than 80 MHz for at least one numerology is supported
· waveform is based on OFDM 
· multiple numerologies are supported
· additional functionality on top of OFDM such as DFT-S-OFDM, and/or variants of DFT-S-OFDM, and/or filtering/windowing, and/or OTFS is further considered
· complementary non-OFDM based waveform is not precluded for some specific usecases (e.g., mMTC use case)
For the frame structure:
· Study frame structure(s) supporting at least 
· FDD duplex arrangement
· TDD duplex arrangement
· Downlink transmission

· Uplink transmission

· Sidelink transmission
· Access link

· Backhaul/relay link
· Standalone operation in licensed band

· Non standalone operation in licensed band

· Licensed-assisted operation in unlicensed band
· Study flexible/dynamic TDD, including both downlink and uplink transmissions in the same subframe interval

· Study enhanced massive MIMO analog/digital/hybrid beam-forming 

· Study multiple access mechanisms including UL-grant less transmission, contention-based transmission, non-orthogonal multiple access
· Study flexible duplex

Thus many of the coexistence issues encountered for LTE will have to be revisited and reconsidered for increased beamforming complexity. The number of antenna elements:

· the number of antenna elements being evaluated for TRP (Transmission Reception Point): up to 64 Tx/Rx for 700 MHz and up to 256 Tx/Rx for the 4 GHz and above spectrum (4 GHz, 30 GHz and 70 GHz). The number of antenna elements being evaluated for UE: up to 4 Tx/Rx for 700 MHz, up to 8 Tx/Rx for 4 GHz, and up to 32 Tx/Rx for the over-6 GHz spectrum.

The numerology:

· it was agreed that OFDM is the basis, with a set of candidate carrier spacing configurations including 15 kHz (i.e., LTE based numerology), 17.5 kHz, 17.06 kHz, and 21.33 kHz, which is to be further narrow down. RAN1 also currently assumes that multiple (but not necessarily all) OFDM numerologies can apply to the same frequency range, but RAN1 does not assume to apply very low value of subcarrier spacing to very high carrier frequency.
Now, some of the UE aspects relevant for RAN4 studies (and ITU-R WP 5D response for frequencies above 24 GHz) are:
· ACLR
· Emission mask, unwanted emissions level
· Correlation of emissions between antennas
· Beamforming requirements
· Blocking scenarios
· Feasible output power (TRP and/or EIRP) with reasonable efficiency
· Deployment scenarios
· Selectivity, ACS, blocking properties
· RX Sensitivity 
· Antenna array properties (spatial pattern, coupling).

· Power control in DL and UL
In this contribution we consider the output power and OOBE for the transmitter and noise factor (REFSENS), selectivity and in-band blocking for the receiver. We consider requirements feasible from an implementation perspective, it may turn out that performance and coexistence studies requires more stringent values whence alternative technology choices have to be considered.
2  700 MHz to 6 GHz
The frequency range considered here is 700 MHz to 6 GHz. From a UE standpoint, extending RFIC operations up to 6 GHz is rather straightforward:
· an historical cellular frequency evolution
· 1 GHz ( 2 GHz ( 2.7 GHz ( 3.6 GHz
· and leveraging on advancements in silicon process geometries

· 130 nm ( 90 nm ( 65 nm ( 45 nm ( 28 nm ( …
makes support of 6GHz an evolution rather than a revolution. However, the family of usage scenarios envisioned for NR may pose different requirements on the RFIC design. 

The number of UE TX/RX antenna ports will be increased for NR enabling UE beamforming, up to 8 AP for 4 GHz. Requirements on the phase balance between TX chains can therefore be expected.

3 UE output power and power control
3.1 Maximum output power (conductive)
One of the first aspects to consider is the available UE conducted output power. There are no fundamental technical limitations that require an NR UE TX conducted power less than that for LTE for operations below 6 GHz:
· the PA needs to be sized larger

· the acceptable heat dissipation depends on UE form factor

The output power could also be higher than for LTE (order of dB) for some use cases.

An OFDM-based waveform with higher-peak to average than e.g. SC-OFDMA the PA efficiency is potentially reduced compared to that of LTE. The consequence of reduced efficiency is increased heat dissipation and reduced “talk time” if the same average output power is assumed. There are basically three PA power supply architectures, the characteristics of which are the following with regard to efficiency:
1. Power Amplifier (PA) voltage supply directly from battery

a. Voltage supply to PA not a function of output power

b. Headroom needed to avoid voltage clipping at max output power as battery discharges

c. Fair efficiency at max output power

2. Average power level tracking

a. PA supplied by DC/DC converter with high efficiency η ≈ 90%

b. Voltage to PA a function of average output power

c. Need headroom for modulation peak to average

d. Improved efficiency at max power level and also improved efficiency at lower power levels

3. Envelope tracking (ET)

a. PA supplied by fast DC/DC converter, efficiency η ≈ 80%

b. Supply voltage follows the RF envelope of the modulation

c. Further improved efficiency at max power level and down to 10 – 15 dB below P_max

d. At some power level it is beneficial to switch from envelope tracking to power level tracking mode 

ET has been implemented in products since 2013, but may be difficult to implement for the wider bandwidths to be supported by NR.
It should be noted that the total UE power would be limited to +23 dBm (or similar). For multi-antenna support the output power per TX-chain will be lower; the coverage impact will be compensated for by beamforming. However, SAR requirements still need to be met, which may limit the maximum radiation intensity that can be achieved (proximity detectors may alleviate this problem). The SAR limitation will depend on the type of UE.
4 Increased carrier bandwidth 

RAN1 has agreed that the largest component carrier bandwidth not smaller than 80 MHz for at least one numerology. Power consumption and PA efficiency are key implementations to be considered for wider bandwidths.
4.1 RFIC impact
An increase of the carrier bandwidth from today’s 20 MHz to 80 MHz or more would mean
· TX DAC redesign
· increased reconstruction filter bandwidth
· but no significant impact on IQ modulator or Tx buffer.
This means that increased carrier bandwidth can be supported at the cost of increased current consumption.

4.2 Envelope tracking more challenging
For envelope tracking (ET)
· the DC/DC converter needs to be fast enough to follow the envelope of the modulation
· precise time synchronization between PA RF amplitude and the voltage supplied to the PA
· Envelope Tracking becomes more challenging as bandwidth of the RF carrier increases; uncertain if ET can support 100 MHz NR modulation.
Alternative PA architectures need to be considered for supporting the wider bandwidths with acceptable power efficiency.
5 ACLR (conductive)
The NR is devised for a several duplex methods such FDD, TDD and flexible/dynamic TDD including both downlink and uplink transmissions in the same sub-frame interval.  The OOBE specification for coexistence will include both conductive and OTA requirements. 

From an implementation perspective, reusing the E-UTRA ACLR1 requirement of 30 dB for conductive measurements up to 6 GHz is a fair starting point:
· for optimization of current consumption and battery time, UEs only have some decibels margin to the 3GPP ACLR requirement by purpose
· handset vendors usually requires about 3 dB margin for spread due to worst case conditions and for good production yield
The same linearity performance as LTE judged feasible up to 6 GHz, but the exact ACLR dB numbers depends on TX carrier BW and adjacent channel measurement bandwidth.
The coexistence studies may result in a more stringent requirement; this will also depend on the deployment scenario.
6 Noise factor (REFSENS)
Turning to the receiver, it is expected that the RFIC noise factor (NF) will be similar to Band 42/43 up to 6 GHz. Figure 1 shows the NF of an LNA (65 nm) supporting 2-5 GHz with programmable center frequency tuning.
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Figure 1: LNA covering 2 – 5 GHz.

The performance shown in Figure 1 will lead to an increase of the RFIC NF of about 0.5 dB at 5 GHz compared to 2 GHz. This only gives the order of increase: another optimization of the LNA might have given a different result.

The receiver sensitivity referred to the antenna port also depends on the front-end loss that in turn depends on
· co-existence with other RATs like WLAN
· RF-Filter technology: increased NF due to a need to spread volumes among suppliers
· number of bands supported 
· a dedicated antennas for the frequency range 4- 6 GHz would bring down front-end loss
· increased PCB loss
· use of external LNA (close to antenna) to overcome PCB loss could be solution; today external LNAs are mainly used in one of the MIMO paths
7 Selectivity and in-band blocking (conductive)
For selectivity and in-blocking the current requirement contains ample margin, at least for non-CA operation.  For wider bandwidth, the will lead to reduced performance if a 5 MHz interferer is used. For UEs, analogue filtering is used to reduce the ADC dynamic range requirement. The analogue selectivity for Class D will be degraded compared to non-CA class A as illustrated in Figure 1.
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Figure 1: analogue selectivity for a 20 MHz carrier (BW class A) and 60 MHz operation (BW class D).

For wider interferers the current conductive ACS and in-band blocking requirements are easier to meet. Indeed, for Band 46 the requirements are relaxed due to the wider interference bandwidth. Figure 2 shows the case of a 100 MHz bandwidth with a 25 MHz blocker; in this case the current ACS and in-band requirements are feasible.
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Figure 2: analogue selectivity for a 100 MHz wanted signal bandwidth and 25 MHz interferers.

The final selectivity performance is not only depending on the digital filtering but also if the interferers are located on the FFT grid; this is related to the numerology. Figure 3 shows the FFT selectivity for an interferer that is off the grid.
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Figure 3: FFT selectivity for off-grid interferers.

The ACS performance is degraded if the interferer is off-grid; the current LTE tests are devised such that the interferer is off the 15 kHz grid. For NR there will be a mixed numerology that may include 17.5 kHz, 17.06 kHz and 21.33 kHz in addition to 15 kHz, but not intended to be applicable simultaneously for the UE. 

Other implementation issues that need consideration are the handling of Wi-Fi blockers in the unlicensed bands and whether one large or many smaller FFTs will be used.
To sum up, the ACS and in-band blocking performance of single-CA LTE will be easy to meet if a 25MHz blocker BW and a wanted BW of 100MHz are assumed;
· if needed the specification could be tightened, the margin on both ACS and in-band blocking often exceeds 10 dB; 
· if a  lower blocker BW is desired (e.g. 5MHz), then further studies are needed to find out what is possible.
8 Conclusions

The output power and OOBE for the transmitter and noise factor (REFSENS), selectivity and in-band blocking for the receiver for NR operation below 6 GHz has been considered from an implementation perspective. The coexistence analysis may result in requirements that are different from those discussed herein.

Some observations from an implementation perspective:
· no fundamental technical limitations that require an NR UE TX conducted power less than that for LTE
· E-UTRA ACLR1 requirement of 30 dB for conductive measurements a fair starting point
· RFIC noise factor (NF) will be similar to Band 42/43
· the ACS and in-band blocking performance of single-CA LTE will be easy to meet if a 25MHz blocker BW and a wanted BW of 100MHz are assumed.
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