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1 Introduction
At the RAN4 #59 meeting, it was agreed to conduct further studies on appropriate RF impairment models for carrier aggregation (CA) [1]. It is important to take into account UE receiver impairments from RF, analog baseband, and DSP modules for determining practically valid minimum UE demodulation performance requirements. Examples for RF impairments are LNA nonlinear distortion, DC offset,  local oscillator (LO) phase noise, LO frequency offset, and I/Q imbalance. Nonlinear distortions and noises from analog baseband filters and variable gain amplifiers (VGA) and analog-to-digital converter (ADC) quantization error exist in the analog baseband block, and  frequency estimation error and fixed-point implementation can cause DSP impairments.
In this paper, we investigate UE related receiver impairments especially specific to intra-band contiguous CA. Furthermore, appropriate configurations of uplink transmission during UE demodulation tests are discussed. Finally, a methodology to model the receiver impairments is proposed.  
2 UE RF Impairments in Intra-band CA
2.1 Receiver impairments for a single RF chain UE architecture
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Figure 1 UE receiver for intra-band contiguous CA with a single RF chain 

For intra-band contiguous carrier aggregation, one option for UE transceiver architecture is to use a single RF chain supporting an aggregated channel bandwidth, as depicted in Figure 1. In this section, we discuss the impact of supporting the extended bandwidth on the performances of each RF and baseband component in the UE receiver.
1. RF front-end bandpass filter and LNA: Since an RF front-end filter is typically designed to support a specific LTE operating band, there would be no impact on multi-carrier operation within the same band. In a UE demodulation test set-up, full band allocations on both component carriers (CC) with OFDM waveforms and equal transmit power per CC are assumed. The total received signal power and the total external noise source power (across the aggregated channel bandwidth) applied at the UE antenna connector are 3dB higher than the total input power of the Rel-8/9 single carrier system. Also, note that Rel-10 CA UE maximum input level requirement mandates UE to support 3dB higher maximum input power level of -22dBm compared to -25dBm for single-carrier case [4]. In addition, the UE is expected to support some amount of power imbalance between CCs resulting in that UE needs to support the increased input dynamic range compared to the single carrier case. Thus, the LNA linearity requirement for CA UE is more stringent than for single-carrier UE. It is expected that the LNA nonlinear distortion level (e.g. IMD2 and IMD3) in the case of no power imbalance between CCs is similar to the single-carrier case. However, the increased linearity requirement of LNA is expected to degrade the noise performance. 
2. Mixer: The I/Q gain and phase imbalance, DC offset due to self-mixing of the LO leakage, and LO phase noise power remain the same as in single-carrier case. 
3. Analog baseband filter and VGA: An anti-aliasing filter with a variable bandwidth (depending on the channel bandwidth) now needs to support a passband up to 40 MHz, which increases the noise bandwidth. However, as the total signal power of the aggregated channel is 3dB higher than the single-carrier signal power, no impact is expected on the effective SNR. Similar to LNA, it is likely that the VGA in a Rel-10 CA capable UE is designed to have better linearity compared to a Rel-8/9 UE. However, high linearity in VGA to support the increased dynamic range typically results in a worse noise performance. Considering that the input signal level in the demod test setup is around -42dBm with the reference SNR of 22dB for 2×20MHz and -98dBm/15KHz external noise source, which is well below the maximum input level of -22dBm, SNR degradation is expected to be mainly impacted by the increased VGA noise rather than nonlinear distortion.
4. ADC: The nominal sample rate of the ADC is two times the Nyquist rate. For the carrier aggregation with two 20MHz CCs, the sampling rate is 122.88 MHz. The SNR of the ADC decreases with a higher input signal frequency as the effect of the phase jitter of the sampling clock is more detrimental to the high frequency input signal [2]. In addition, the ADC for the Rel-10 CA capable UE may have an increased bit width to support the increased input dynamic range (to handle power imbalance between CCs) compared to single CC Rel-8/9 UE, which results in an increased power consumption for a given signal-to-noise and distortion ratio (SNDR) or SNDR degradation with a limited power consumption [3].
In summary under the UE demodulation test set-up, it is expected that the Rel-10 CA UE receiver has an increased receiver EVM compared to the Rel-8/9 single-carrier UE receiver due to noise performance degradations of LNA, VGA, and ADC as a cost for the improved linearity. 
2.2 Uplink configuration during demodulation tests
In this section, we discuss a configuration of uplink transmission during UE demodulation tests in order to minimize the additional RF impairments caused by the UE transmitter. Note that UE sends uplink control information such as ACK/NACK and CSI feedback during demodulation tests.  
For intra-band contiguous CA in FDD systems, a transmit signal leakage into the downlink band needs to be considered. Reciprocal mixing of the uplink signal at the receive band due to the receiver LO phase noise may be negligible compared to the external noise source power in the demod test setup. However, out-of-band or spurious emission falling into the downlink band needs to be considered. Although the same REFSENS values as Rel-8/9 REFSENS requirements were agreed for intra-band contiguous CA in Band 1, uplink allocation in the SCC which is closer to the DL band is limited (only 30 RB allocation in SCC for the case of 100RB+100RB) to achieve the same REFSENS value [4]. A self-interference level of the Rel-10 CA UE may be different from the Rel-8/9 UE since a Tx-Rx carrier separation can be smaller than a Rel-8/9 carrier separation. For example, a distance between the UL SCC and the DL PCC in intra-band contiguous CA is smaller than a single carrier Tx-Rx carrier frequency separation. If the control information is transmitted on SCC during UE demod tests, some bands with smaller duplexer gaps may suffer from the increased transmit noise in the downlink band. Thus, we propose the following for the test set-up.
Proposal 1: Uplink control information (on PUCCH or PUSCH) during demod tests is transmitted on PCC, a component carrier further away from the downlink band compared to SCC.

For inter-band CA, some band combinations (e.g. aggregation of Band 4 and Band 17) cause the self-interference level well above the external noise power setting, -98dBm/15KHz due to harmonic or intermodulation distortion. For example, the paper [5] shows the harmonic interference level -8dBm/5MHz based on measurements of the PA output. Assuming the Band 17 transmit filter suppression of 50dB, an equivalent harmonic distortion level at the Band 4 downlink band is -83.2dBm/15KHz. However, this extreme scenario of harmonic distortion can be easily avoided during demod tests if the uplink transmission occurs only in Band 4. Similarly, for inter-band CA with the intermodulation (IM) problem, IM distortion can be avoided by activating only one uplink carrier during demod tests, as IM products are caused by two simultaneously transmitting uplink carriers.  
Proposal 2: If inter-band CA has a harmonic or intermodulation relation between aggregated bands, uplink transmission occurs on only one component carrier which does not cause any harmonic/IM distortion.

2.3 UE RF impairments model

In this section, we discuss methodologies to model receiver impairments presented in Section 2.1 and reflect CA specific impairments into the simulation results. Two approaches can be considered for modeling the receiver impairments. 
· Option 1: Compute the receiver EVM for each impairment and model aggregated impairments as a receiver noise floor (the total receiver EVM) 

· Option 2: Explicitly model the receiver impairments such as a LO leakage, a phase noise, I/Q imbalance, ADC quantization noise in the link simulator. This would need to simulate transmission and reception on both CCs.
Option 1 allows evaluation of CA throughput performances without implementing two carrier transmissions and receptions in the link simulator, while still taking into account the impact of CA specific receiver impairment values on the UE demodulation performance. The total receiver EVM (excluding DSP impairments) can be modelled as a linear sum of the receiver EVMs of the individual impairments.
· Distortion due to RF and baseband filters 

· LO phase noise 

· I/Q imbalance 
· Residual DC and noise from DC offset correction loop 

· Nonlinear distortion such as IMD2 and IMD3

· ADC and VGA noise 

Note that the signal-to-image power ratio for each CC is 25dB assuming 25dB image rejection and equal power spectral densities across two CCs. That is, the maximum achievable effective SINR is limited to 25dB. Considering the receiver EVM increase for LNA, ADC and VGA in intra-band CA, it is suggested that the total receiver EVM of 6.3%, equivalently corresponding to -24dB noise floor in the receiver be used for the minimum performance requirements of Rel-10 CA UE. 
3 Conclusions

The receiver impairments specific to intra-band contiguous CA and how to model their impacts on the demodulation performance were studied. In summary, we propose the following:  
Proposal 1: Uplink control information (on PUCCH or PUSCH) during demod tests is transmitted on PCC, a component carrier further away from the downlink band compared to SCC.

Proposal 2: If inter-band CA has a harmonic or intermodulation relation between aggregated bands, uplink transmission occurs on only one component carrier which does not cause any harmonic/IM distortion.

Proposal 3: The aggregated receiver impairments are modelled as a total receiver EVM of 6.3%, equivalently, corresponding to -24 dB noise floor in the receiver.
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