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Introduction
The Rel-17 study item on Reduced Capability NR devices was approved during the RAN plenary meeting #86 [1]. The objectives have been updated in RAN plenary meeting #88e [2] recently. One of the objectives of the SI is to study solutions for complexity reduction. 
Use cases
Below, we reiterate the application scenarios targeted by NR RedCap as specified in the SID [1]. For each of them, we address the most relevant aspects, i.e., the primary challenges or potential product category differentiators: 
· IWSN: 99.99% availability, 100ms E2E latency (5-10 ms if safety critical), DR<2Mbps, stationary
· Relevant aspect: Power consumption (impacting on the maintenance cost of battery operated devices)
· UE complexity/cost and form factor do not need to be fully optimized. 
· Video surveillance: 99-99.9% availability, E2E latency <500ms, 2-4Mbps (HD) or 7.5-25Mbps (UHD)
· Relevant aspect: Reduced cost
· Power consumption and form factor are not critical
· The traffic is uplink heavy, and may take up a significant share of the uplink capacity in the case of mains powered cameras. Even solar powered cameras have the potential to generate considerable traffic, as they may have powerful batteries and most of the stored energy can be spent on wireless transfers. 
· Wearables: average DL 5-50Mbps / UL 2-5Mbps; peak device bit rate [6] up to DL 150Mbps / UL 50Mbps [2]
· Relevant aspect: Small form factor (essential for wearables), reduced cost and power consumption
· Since wearables are less convenient for media consumption, and the battery capacity is typically 300 mAh, it is not expected that wearables produce a significant share of the network traffic in general. Thus, some loss in spectral efficiency is acceptable, provided that the impact on network capacity stays under control.
· Arguably, wearables represent the most stringent targets due to the sever form factor limitations and the additional sensitivity to cost and power consumption. However, if these difficulties can be overcome successfully wearables have the potential to offer a large market, which may accelerate the evolution of other market segments across the board. 
Economies of scale are essential in the cost optimization of UE’s. Therefore, the applications targeted by RedCap should be supported by as few device types as possible. Ideally, a single type of device should address all the applications.
Observation 1: RedCap SI/WI should aim at bringing the following relevant enhancements by application scenarios:
· Reduced power consumption for IWSN
· Reduced cost for surveillance cameras
· Reduced form factor, cost and power consumption for wearables
Observation 2: Economies of scale can drive the cost reduction for RedCap UE modems. Device types should be defined so as not to fragment the UE modem market. Evolution of a single market segment (e.g. wearables) may play an essential role in enabling other markets across all application scenarios through economies of scale for RedCap UE modems. 
Methodology
RAN1#101e decided on adopting the mechanism from LTE TR 36.888 “Study on provision of low-cost MTC UEs based on LTE” [4] as starting point for the methodology for UE complexity/cost evaluation: 
	Agreements:
· Use the TR 36.888 methodology for UE cost/complexity evaluation as a starting point and determine what major updates are needed.
· Cost/complexity breakdowns can be separate for FR1 and FR2 if found beneficial.

Agreements: The reference NR device for evaluation of cost/complexity reduction supports the following:
· All mandatory Rel-15 features (with or without capability signalling)
· Single RAT
· Operation in a single band at a time
· Maximum bandwidth: 
· For FR1: 100 MHz for DL and UL
· For FR2: 200 MHz for DL and UL
· Antennas: 
· For FR1 FDD: 2Rx/1Tx
· For FR1 TDD: 4Rx/1Tx
· For FR2: 2Rx/1Tx
· Power class: PC3
· Processing time: Capability 1
· Modulation: 
· For FR1: support 256QAM for DL and 64QAM for UL
· For FR2: support 64QAM for DL and 64QAM for UL
· Access: Direct DL/UL access between UE and gNB

Note: The study will consider impacts on the cost/complexity reduction from support of multiple RF bands within FR1 or FR2.



In RAN1#101e the skeleton of the TR 38.875 “Study on support of reduced capability NR devices” [3] has been drafted based on LTE TR36.888. Section 7 of TR 38.875 is dedicated to the description and evaluation of complexity reduction features, each sub-section taking one complexity reduction feature at a time, except for the last sub-section, which considers combinations of reduction features and should be left for a later stage. Based on SID, the following complexity reduction features are listed in the skeleton TR [3]:
	From SID: Identify and study potential UE complexity reduction features, including [RAN1, RAN2]:
· Reduced number of UE RX/TX antennas
· UE Bandwidth reduction 
· Half-Duplex-FDD 
· Relaxed UE processing time 
· Relaxed UE processing capability



The scope indicated by “relaxed UE processing capability” in the above list requires further agreements. It could include restrictions on peak device data rate, TB size, soft buffer requirements, number of HARQ processes, etc. 
However, the first stage of the study can proceed at separate rhythm per each cost reduction feature. For each of these, as a first step, their definition, parameters and alignment with RedCap use cases needs to be agreed on. This involves discussing their cost in terms of performance, standardization effort, co-existence with NR, etc., and how they align with the agreed use cases, described in the previous section.
Observation 3: The first stage of the study can proceed at separate rhythm  per each cost reduction feature. For each of these, as a first step, their definition, parameters and alignment with RedCap use cases needs to be agreed on. 
Estimation of the complexity/cost savings starts from the available information on the reference design specified by the agreement cited above. First, the total complexity of the reference design is broken down into contributions expressed as percentages per functional blocks of the RF path and the digital/mixed signal baseband. For instance, for Cat-1 LTE it is estimated in TR 36.888 that the RF path accounts for 40% of the complexity, whereas 60% is attributed to the baseband, within which e.g. hardware accelerator for FFT/IFFT computation (excluding buffers) accounts for ~5% of the complexity. This cost breakdown and such weights recommended in TR 36.888 need to be updated to reflect the FR1 and FR2 NR references in TR 38.875. As in TR 36.888, this step should precede the discussion of reduction savings in order to ensure that the breakdown is unambiguous amongst companies (e.g. in FR2 RF path).  
Observation 4: The recommended cost breakdown and weights in LTE TR 36.888 need to be updated to reflect the FR1 and FR2 NR references in TR 38.875. As in TR 36.888, this step should precede the discussion of reduction savings in order to ensure that the reference cost breakdown is unambiguous amongst companies.  
Second, per each reduction feature - or selected combinations thereof -, the saving in complexity is estimated as a relative reduction: for instance, by reducing the RedCap UE bandwidth from 100 MHz to 20 MHz, FFT/IFFT complexity reduces by ~90%. As another example, by reducing the number of receive paths from 4 to 2, the FFT/IFFT complexity reduces by ~50%. The numbers are inaccurate and intended for illustration only.
Continuing the above examples, the combination of bandwidth- and receive path reduction features will reduce the complexity of FFT/IFFT block to about ~5% (=10%*50%) of the reference design, which is a reduction by ~95%. Smaller but still very large savings are expected in baseband functional blocks that scale (not quite linearly) with the peak device data rate, such as the decoder. Let us assume e.g. a reduction by 80%. For the sake of the example, let us also assume 60% saving in RF complexity. In this example it is obvious from the different reductions of 95%, 80% and 60%, which then also need to be weighed in the total according to percentages in the cost breakdown, that the savings need to be estimated for each functional block separately first. Furthermore, it must be ensured that all savings are counted only once when reduction features are combined. 
With that in mind one could write that: 
using ComplexitySaving [%] = 100% - ComplexityRatio [%],
Total_saving [%]  =  100% - ( sum_for_all_functional_blocks( weight * product_for_all_ reduction_features( 100% - saving [%] ) ) ONLY IF individual reduction features act “orthogonally” on the complexity of each specific functional block. 
(For features and functional blocks where the condition does not hold common sense alterations are necessary.)
Due to the illustrated dependencies, the combined savings can only be fully discussed as an ultimate stage of the study. Nevertheless, early projections might be necessary to define the scope and parameters of reduction features. 
Observation 5: Estimating cost savings obtained from combined reduction features should avoid “double-counting” the complexity savings obtained from individual features. 
It should also be emphasized that economies of scale act as a primary cost driver for the UE modem. Market fragmentation would risk raising the device cost, thus would hinder market acceptance. In the agreed methodology this consideration should translate into the selection of a very limited set of feature combinations of UE complexity reduction features, which is the subject of Section 7.7 in [3].  In this section an explicit mention would be advisable on the fact that account economies of scale vs. market fragmentation are not accounted for amongst the cost drivers yet will substantially influence the effective savings.
Observation 6: The methodology does not take into account economies of scale (vs. market fragmentation) amongst the cost drivers. This fact should be stated explicitly in Section 7.7 of TR 38.875, where combinations of reduction features are selected and assessed. 
UE bandwidth reduction
	Agreements (RAN1#101-e): 
· For FR1, study at least 20MHz maximum UE bandwidth at least for initial access
· Other bandwidths FFS
· For FR2, study 50MHz and 100 MHz maximum UE bandwidth at least for initial access 
· Other bandwidths FFS

The plenary meeting RAN#89e has further clarified [2] that bandwidth below 20 MHz will not be considered. 
 “Note1: The work defined above should not overlap with LPWA use cases. The lowest data rate and bandwidth capability considered should be no less than an LTE Category 1bis modem.”



For FR1, 20 MHz maximum UE bandwidth seems sufficiently large based on the following considerations: 
· For wearables, to achieve the targeted peak device data rate [6] of 150 Mbps in downlink, 20 MHz UE bandwidth is sufficient when assuming two layers and 64-QAM or 256-QAM modulation rate. Meanwhile, 20 MHz is also sufficient to achieve the targeted application bit rate of 5-50 Mbps in DL even with a single layer and TDD operation, in principle. 
· The initial BWP is 20MHz wide or less in most existing deployments. Maximum UE bandwidth of 20 MHz is sufficient to align with this.
· 20 MHz is sufficient to fit PDCCH aggregation level AL16. Although, a higher initial bandwidth (e.g. 40 MHz) could allow even higher aggregation levels, this would only provide a solution for high-end RedCap devices. For low-end devices, higher aggregation levels would require extending the CORESET in the time domain, which would also cater for BWPs with reduced bandwidth. By favouring a solution that may work for all RedCap devices and BWPs, both the risk of market fragmentation and the potential standardization effort are reduced.
· Maximum bandwidth of 20 MHz allows for frequency diversity and/or frequency selective scheduling. The agreed use cases specify 300 ns delay spread for the propagation channel.
· The lower the bandwidth, the more constrained the scheduling. However, 20 MHz does not seem to be too restrictive, considered that the operation bandwidth of NR may vary in the range of 5-50 MHz for SCS of 15 kHz, and 10-100 MHz when SCS is 30 or 60 kHz ([5], TS38.101, Table 5.3.5-1 Channel bandwidths for each NR band).
· UHD video surveillance may require up to 25 Mbps application level average bit-rate in the uplink, which could be difficult or impossible to meet by 20 MHz UE maximum bandwidth and TDD. But this high-end requirement should only apply for FDD or FR2 deployments, and 64-QAM used in uplink. In theory, asymmetrical downlink vs. uplink UE bandwidth could also be adopted.
· Note: At 2.6 GHz, the maximum sustained uplink throughput is approximately 20% (7:1:1 DL:SP:UL) of the peak data rate. By supporting 64-QAM this amounts to 17.4 Mbps.
Observation 7: Coverage recovery solutions (e.g. targeting higher PDCCH aggregation levels) should favour solutions applicable for both low-end and high-end devices in order to minimize standardization effort and avoid market fragmentation. Therefore, 20 MHz maximum UE bandwidth should be assumed as the only option in FR1, at least for downlink. 
The complexity is reduced qualitatively as follows when the maximum UE bandwidth is reduced from 100MHz to 20 MHz:
· The complexity of FFT/IFFT is reduced faster than linearly in proportion to the bandwidth, due to the log2(N) computation stages.    
· The complexity of frontend buffering and channel estimation complexity scales quasi-linearly with bandwidth. The same may be assumed about ADC/DAC more or less. 
· The complexity of several baseband processing blocks (such as e.g. decoding, HARQ buffer, uplink processing) depends on the peak device data rate, and are thus indirectly, linearly depend on the maximum UE bandwidth. Note that this was not the case in LTE TR 36.888 where the peak device data rate was restricted by the maximum TB size specified for Cat-1 LTE, used as reference. 
· SS/PBCH and PDCCH processing is not impacted by the bandwidth reduction.
· In the RF path the most likely impact on complexity is through the PA.
For FR2, the option of 100 MHz is preferred due to the worst case bandwidth of SS/PBCH block. If necessary for complexity reduction, the decoupling of device peak data rate and maximum UE bandwidth should be supported for RedCap UEs. It should be studied if limiting explicitly the peak device data rate is necessary to select the best trade-off for FR2 maximum UE bandwidth. 
Proposal 1: Study the need for explicitly limiting the peak device data rate, at least in FR2.  
Reduced number of UE RX antennae 
	Agreements:
· For FR1, study two antenna configurations for RedCap UEs, namely 1Rx/1Tx and 2Rx/1Tx.
· For FR2, study two antenna configurations for RedCap UEs, namely 1Rx/1Tx and 2Rx/1Tx.



Antenna reduction is mainly required in FR1 by form factor of wearable applications. The main concern in reducing the number of antennae is the loss in receive diversity and the adverse effect on efficiency. 
Above 2496 MHz (i.e. for wavelengths below 12 cm, such as for channels n7, n38, n41, n77, n78, n79) the standard mandates 4 UE Rx antennae. Below 2496 MHz the requirement is only 2 UE Rx antennae, since at longer wavelength designing uncorrelated antennae is more constrained for the same form factor whereas the better signal penetration relaxes the receiver sensitivity requirements. For a proportional relaxation of the requirements, it seems a reasonable compromise to consider the following reduction of the number of antennae in FR1 for wearables:
· Above 2496 MHz in FR1: from 4 Rx to 2 Rx antennae
· Below 2496 MHz: from 2 Rx to 1 Rx antenna
However, further relaxation (from 4Rx to 1 Rx) should not be ruled out either in the region between 2.5 – 6 GHz. The expected gains from 1 Rx to 2Rx should be handled with reservation due to the severe form factor limitations potentially resulting in correlation or reduced antenna gains. 
Proposal 2: Support RedCap UE’s with 2 Rx antennae in FR1 channels above 2495 MHz (relaxation from 4 antennae requirement) and with 1 Rx antenna in channels below 2495 MHz (relaxation from 2 antennae requirement). 
· FFS: whether to support RedCap UE’s with 1 Rx antennae in FR1 channels above 2495 MHz.
Reducing the number of receive chains achieves the following savings in complexity:
· Transmit RF path, duplexer, frequency synthesizer, DAC, uplink baseband, initial cell search and control channel decoding are unaffected.
· Complexity is reduced in quasi-linear proportion to the number of receiver chains in the receiver RF path.
· ADC, FFT and related buffering, channel estimation are reduced in linear proportion, and so is the decoding as a result of the reduced number of layers, hence reduced peak data rate.
· Note: The reference NR UE has 4 layers in FR1 TDD and 2 layers in FDD and FR2 according to [6]: “for single CC standalone NR, it is mandatory with capability signalling to support at least 4 MIMO layers in the bands where 4Rx is specified as mandatory for the given UE and at least 2 MIMO layers in FR2.”
· MIMO processing is even more significantly reduced (or completely removed with 1 Rx).  
The loss in performance needs to be assessed to set the targets for coverage recovery. This loss is particularly relevant in the case of the downlink control channel because Release 16 provides limited means to enhance the signal to noise ratio. While the data channels can use repetition and the uplink control channel can use repetitions and long PUCCH formats, the PDCCH is very restricted in time for obvious reasons.  Table 1 shows the simulated decoding statistics for different aggregation levels comparing three UE Rx antennae configurations. At a target reliability 99%, using aggregation level AL16 the difference in performance can be read as 2.28 dB between 4 and 2 antennae and 5.61 dB between 4 and 1 antennae (Figure 1) for 4GHz. The loss between 2 and 1 Rx antenna is 2.56 dB at 700 MHz (Figure 2).
[bookmark: _Ref47617093]Table 1: Performance loss from reducing the number of antennae.
	PDCCH BLER=1%
	700 MHz
	4GHz

	
	Req. SNR [dB]
	Loss [dB]
	Req. SNR [dB]
	Loss [dB]

	4Rx
	-
	-
	– 11.67
	-

	2Rx
	– 8.97
	-
	– 9.39
	2.28

	1Rx
	– 6.38
	2.56
	– 6.06
	5.61
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[bookmark: _Ref47617143]Figure 1: PDCCH BLER for AL16 with 4, 2 and 1 Rx antennae at a carrier frequency of 4 GHz.
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[bookmark: _Ref40460893]Figure 2: PDCCH BLER for AL16 with 2 and 1 Rx antennae at a carrier frequency of 700 MHz.
Observation 8: AL16 PDCCH link budget decreases by 2.6 dB for 99% target reliability in 700 MHz band when the number of UE receive antennae is reduced from 2 to 1.
Observation 9: AL16 PDCCH link budget decreases by 2.3 dB for 99% target reliability in 4GHz band when the number of UE receive antennae is reduced from 4 to 2.
Observation 10: AL16 PDCCH link budget decreases by 5.6 dB for 99% target reliability in 4GHz band when the number of UE receive antennae is reduced from 4 to 1.
Half-duplex FDD
	Agreements:
· Study HD-FDD operation Type A and Type B (as defined in LTE) in RAN1, where study of Type A is prioritized.


By limiting the UE capability to half-duplex operation in the paired spectrum bands we can dispense with the duplexer, which decreases the link budget. The insertion loss thus spared typically amounts to 1-2 dB. This may represent a considerable gain for the coverage recovery. Only the antenna shared between transmit and receive is affected. Replacing the duplexer with a switch in each RF band also saves on cost and area of the RF frontend.  
Observation 11: Half-duplex FDD allows sparing the 1-2 dB insertion loss of the duplexer in the UE for the antenna shared with Tx. Dropping the duplexer per each band also saves on cost and area of the RF frontend.
The operation could be similar to half-duplex FDD LTE: the UE turns into transmit mode when it has an uplink transmission and turns back to reception immediately afterwards. This behaviour is different from TDD operation configured in Section 11.1 of TS38.213. The UE needs to report the lack of full-duplex capability to the gNB. With this expectation, the scheduler makes sure that uplink and downlink transmissions of the same RedCap UE do not overlap. Furthermore, CG and SR must not conflict with DCI monitoring or beam tracking. Each half-duplex UE switches between DL and UL at independent points in time, thus scheduling effectiveness may be preserved. 
If only the duplexer is dropped then the same UE modem IC can be reused for full duplex and half-duplex equipment design, thus avoiding UE modem market fragmentation. This option matches Type-A operation, where switching between uplink and downlink does not require a significant guard gap in time. 
Observation 12: Scheduling effectiveness is not jeopardized by supporting Type-A half-duplex UE’s in paired spectrum, since each UE could switch between DL and UL at independent points in time, according to their respective scheduled or configured uplink transmissions. 
Observation 13: With Type-A HD FDD, only the duplexer is dropped, and the same (full-duplex) UE modem can be reused in full-duplex and half-duplex FDD UE designs, thus avoiding UE modem market fragmentation.
To further reduce UE complexity and power peaks in the consumption, a guard gap can also be specified before and after the UE turns into uplink, which is called Type-B operation in LTE. In itself this feature does not reduce the complexity sufficiently to consider a tailored design and does not risk market fragmentation. Type-B HD FDD should not be studied unless necessary for a tailored design that reduces complexity via UE processing timeline and capability restrictions.
Observation 14: Type-B HD FDD should not be studied unless necessary for a tailored design that significantly reduces complexity via UE processing timeline and capability restrictions.
A side benefit of (both Type-A and Type-B) half-duplex operation is that it reduces the maximum power peaks in the consumption. This may offer some additional benefits for the design and for the battery life (Li+ batteries deliver less charge at currents above their nominal rating). 
UE processing capability
For a single carrier, the maximum air data rate defined in Section 4.1.2 of TS38.306 [6] simplifies to:

where Rmax = 948/1024 is the maximum code rate, OH accounts for the minimum overhead inflicted by control channels and reference signals (FR1/DL: 0.14; FR2/DL: 0.18; FR1/UL: 0.08; FR2/UL: 0.10), Qmax stands for maximum modulation order [12], and the fraction of N/T expresses the number of RE’s in a second as a function of the bandwidth (N: [14]; T: [7]). By and large, the peak data rate is independent from SCS (unless the number of maximum layers [11] are considered per each SCS), whereas the maximum TBS also depends on the SCS through the number of PRB’s . 
The application scenario for wearables sets the highest processing capability target for RedCap. At SCS = 30 kHz the targeted peak data rate is 150 MHz in downlink and 50 MHz in uplink for wearables. LTE Cat-4 meets the same requirements by mandating 64-QAM and 2 layers in DL and 16-QAM and a single layer in UL for 20 MHz bandwidth. For FR1 RedCap device we consider 20 MHz maximum bandwidth, maximum two layers, 256/64-QAM in DL/UL, respectively. Table 2 shows the peak data rates compared with LTE.  
Such a RedCap NR configuration achieves 218/109 Mbps in DL/UL peak device data rate with SCS = 30 kHz. The UL data rate is justified by both use cases of high-end wearables and surveillance cameras. In the DL, reduction of the maximum modulation order could be considered but it would further limit the network efficiency. Furthermore, when the rank of the channel does not enable multiple layers, 256-QAM could still be useable.    
[bookmark: _Ref40381238]Table 2: UE processing capability (FR1 RedCap vs. LTE)
	
	SCS
	Layers; Peak DR [Mbps]
	Max TBS
[bits]*
	Ref. RTT§ in DL [ms]
	Ref HARQ processes§§
	Native code rate†
	# of soft channel bits††

	RedCap DL
	30 kHz
	2
	≈ 218
	≈ 109000
	4 ms
	8
	 1/3 1/2
	≈ 1,830,000

	RedCap DL
	15kHz#
	1#
	≈ 109
	≈ 109000
	4 ms
	4
	1/3 1/2
	≈ 915,000

	Cat-4 DL
	15 kHz
	2
	150.8
	150752
	4 ms
	4
	1/3
	1,827,072

	Cat-1 DL
	15 kHz
	1
	10.3
	10296
	8 ms
	8
	1/3
	250,368

	RedCap UL
	30 kHz
	1
	87
	≈ 43500
	



	RedCap UL
	15 kHz
	1
	87
	≈ 87000
	

	Cat-4 UL
	15 kHz
	1
	51
	51024
	

	Cat-1 UL
	15 kHz
	1
	5.2
	5160
	


# 	FOR REDCAP WITH SCS 15 KHZ (MAINLY USED BELOW 2.5 GHZ) A SINGLE LAYER IS ASSUMED
* 	ALL TBS BITS OVER ALL CODEWORDS; CORESPONDS TO BITS/TTI FOR LTE. 256/64-QAM ASSUMED WITH REDCAP NR DL/UL. 	
§ 	REFERENCE RTT IS BASED ON A TDD CONFIGURATION OF 7:1:2 D/S/U AND 5MS DL-TO-UL SWITCH PERIODICITY FOR REDCAP WITH SCS=30 KHZ; FOR SCS=15 KHZ FDD WAS ASSUMED. 	
§§ 	REFERENCE NUMBER OF HARQ PROCESSES BASED ON REFERENCE RTT FOR COMPUTING THE SOFT CHANNEL BITS. NOTE: TWO CODEWORDS PER EACH PROCESS IN THE CASE OF SCS = 30 KHZ. 	
† 	NATIVE CODE RATE IS THE RATIO OF SYSTEMATIC BITS TO THE SIZE OF THE CIRCULAR BUFFER. FOR LARGE PACKETS AND HIGH CODE RATE BASE GRAPH BG1 IS USED, IMPLYING NATIVE CODE RATE 1/3. HOWEVER LBRM (5.4.2, [8]) EFFECTIVELY TRUNCATES THE CODE BY TRUNCATING THE PARITY BITS WHEN WRITING THE CIRCULAR BUFFER. 
†† 	1.5*TBS_LBRM YIELDS THE NUMBER OF SOFT CHANNEL BITS PER HARQ PROCESS (5.4.2, [8]; 5.1.3, [10])	
TBS_LBRM = 2*8*948/1024*66*156 BITS =152,509,500 BITS 	
NR mandates 16 HARQ processes. As illustrated by the LTE specification of the number of maximum soft channel bits, i.e., the soft buffering requirements scale linearly with the number of HARQ processes. Some companies proposed to reduce the number of HARQ processes to save on soft buffering complexity. However, this would constrain RTT for the scheduler. For relaxed RTT, the mandatory 16 HARQ processes should be maintained for RedCap UE, while the maximum number of soft channel bits should be capped separately from the number of HARQ processes, based on:
	Max_soft_channel_bits     =    Peak_data_rate  [bit/s] *   reference_RTT [s]  /  LBRM_native_code_rate     	
where the reference_RTT in FR1 is based on the TDD configuration having the longest downlink duration. The worst case TDD configuration is assumed with 2.6 GHz according to the CE SI: DDDDDDDSUU (S: 6D:4G:4U) . (For completeness, the TDD configuration assumption is DDDSUDDSUU(S: 10D:2G:2U) and DDDSU (S: 10D:2G:2U) for 4GHz, and 26 GHz, respectively.) Since the achievable average throughput is well above the use case targets, such a bound would not limit the performance.
Observation 15: The 16 HARQ processes mandated for NR should be maintained for relaxed RTT in the case of RedCap NR as well. However, the maximum number of soft channel bits should be capped separately from the number of HARQ processes, based on:
	Max_soft_channel_bits     =    Peak_data_rate  [bit/s] *   reference_RTT [s]  /  LBRM_native_code_rate     	

where the reference_RTT in FR1 is based on the TDD configuration having the longest downlink duration.  
Proposal 3: Limit the maximum number of soft channel bits for RedCap NR, without reducing the number of HARQ processes.
[bookmark: _GoBack]UE processing timeline
	Agreements:
· For UE complexity reduction through relaxed UE processing time, study a more relaxed UE processing time in terms of N1/N2 compared to capability #1.



The standard specifies several requirements on the UE processing timelines: N1 (5.3, TS38.214), N2 (6.4, TS38.214), CSI (5.4, TS38.214), bandwidth part switching delay (8.6.5, TS38.133), etc. Of these, only N1 (Table 4) and N2- with Capability 1 - matter for the discussion for their direct impact on complexity and latency.
In the IWSN scenario safety critical links require 5-10 ms packet delay budget, and reliability of 99.999%. For such a high reliability and relatively frequent packets one shot transmissions should be avoided unless scheduling encounters some corner cases. That is, at least one retransmission (assuming adaptive HARQ) should fit in comfortably within the 5 ms delay budget. With e.g. half-duplex FDD this can be comfortably achieved in view of the short communication range (no need for repetitions, etc.). 
The worst case scenario is the assumed by a 2.6 GHz TDD deployment (despite that SCS = 30 kHz), which has 7:1:2 (DL:SP:UL) frame configuration. The goal is to ensure that most of the time the scheduler can retransmit a PDSCH initially transmitted at the end of the DL, in the next DL. In other words the UL needs to be at least as long as N2 + PUCCH alignment delay + PUCCH duration. With N2 = 12 symbols, 0 PUCCH alignment delay, and PUCCH Format 1 or 3 with a length of at least 4 symbols this totals at least 16 symbols. Thus there is some room left for PUCCH alignment delay and/or longer PUCCH format. 
We may get to the same conclusion from the case of wearables: complexity of the RedCap UE device depends on the required soft buffer size, which is proportional to number of HARQ processes, which, in turn, depends on the typical round trip time, RTT, which stays within 4ms as illustrated above. 
Table 3 Safety critical monitoring service requirements in IWSN (from Table 5.3.8.1-1, TR22.804)
	Scenario
	E2E
Laten-cy
	Priority
	Data Update Time
	Communication service availability
	Connections per gateway
	Network scalability
	Node density
	Communication range per node

	Condition monitoring for safety
	5 ms to 10 ms
	Highest 
	Up to 100 packets/sec
	> 99,9999% to 99,999999%
	10 to 100
	> 100 nodes to 1000 nodes
	0,05 m-2 to 1 m-2
	< 30 m


[bookmark: _Ref40446725][bookmark: _Ref46326814]Table 4: PDSCH processing timeline N1 (Table 5.3-1 and 5.3-2 TS38.214 [10]) and PUSCH preparation time for PUSCH timing N2 (Table 6.4-1 and 6.4-2 TS38.214 [10])
	
SCS
	N1 with Capability 1
	N2 with Capability 1


	
	dmrs-AdditionalPosition = pos0 configured
	

	
	No
	Yes
	

	15 kHz
	13
	8
	10

	30 kHz
	13
	10
	12

	60 kHz
	20
	17
	23

	120 kHz
	24
	20
	36



Computation complexity primarily depends on the respective data throughput in each layer of the processing. But relaxation of the N1 and N2 timelines may allow for averaging out the computation load over time and/or between stages of the computation pipeline; it may also allow for powering on and off computing resources, or for the serialization of certain bus transfers or computations in the hardware. In theory the reduced clock frequency of RedCap devices could justify the need for relaxed timelines, too. 
However, substantial complexity savings can only be expected if not only the N1/N2 UE processing timelines are relaxed but the peak device data rate is also capped based on the targeted RedCap use cases, such as the one defined in Table 5. 
[bookmark: _Ref47606781][bookmark: _Ref47606767]Table 5: RedCap use case of low-end industrial wireless sensor network (IWSN) 
	Characteristic parameter
	Influence quantity

	Communication service availability: target value
	Communication service reliability: mean time between failure
	End-to-end latency (note 6)
	Transfer interval
(note 1) (note 7)
	Service bit rate: user experienced data rate
(note 2) (note 7)
	Battery lifetime [year]
(note 3)
	Message
Size
[byte] (note 7)
	Survival time 
(note 7)
	UE speed
	UE density [UE / m²]
	Range
[m]
(note 4)

	99,99 %
	≥ 1 week
	< 100 ms
	100 ms – 60 s
	≤ 1 Mbit/s
	≥5
	20
(note 5)
	3 x transfer interval
	Stationary
	Up to 1
	<500

	NOTE 1:	The transfer interval deviates around its target value by < ± 25 %.
NOTE 2:	The traffic is predominatly mobile originated.
NOTE 3:	Industrial sensors can use a wide variety of batteries depending on theuse case, but in general they are highly constrained in terms of battery size.
NOTE 4:	Distance between the gNB and the UE.
NOTE 5:	The application-level messages in this use case are typically transferred over Ethernet. For small messages, the minimum Ethernet frame size of 64 bytes applies and dictates the minimum size of the PDU sent over the air interface. 
NOTE 6:	It applies to both UL and DL unless stated otherwise.
NOTE 7: 	It applies to UL.



Furthermore, it is difficult to predict how the scope of applicability would be impaired by the relaxation / reduction: take for instance, potential low-latency services on the edge of the computing cloud in the future. As it has been seen for the safety critical monitoring scenario, some IWSN services do not tolerate any relaxation at all, and eventually the brand of RedCap NR could be tarnished in the wider IWSN realm by not supporting these tight latency requirements.
Lastly we need to weigh the constraints imposed on the scheduler and the standardization effort required by a third UE processing capability class, especially given that Capability#1 for N1/N2 is the baseline operation for NR.
In view of the above, N1 and N2 UE processing timelines should not be relaxed for RedCap UEs below the baseline NR processing capability. The benefits expected from such a relaxation would not be in proportion to the standardization effort, the impact on NR L1 procedures, the impact on scheduling and the potential limitation on scope of applicability. NR’s low latency allows relatively fast exchanges with server on the edge, which could be required in novel application features and services. 
Observation 16: N1 and N2 UE processing timelines should not be relaxed below UE processing capability 1 for RedCap NR. The benefits expected from such a relaxation would not be in proportion to the standardization effort, the impact on scheduling and the potential limitation on scope of applicability.
Conclusions
In this contribution we made the following observations and proposals.
On RedCap use cases and targets:
Observation 1: RedCap SI/WI should aim at bringing the following relevant enhancements by application scenarios:
· Reduced power consumption for IWSN
· Reduced cost for surveillance cameras
· Reduced form factor, cost and power consumption for wearables
Observation 2: Economies of scale can drive the cost reduction for RedCap UE modems. Device types should be defined so as not to fragment the UE modem market. Evolution of a single market segment (e.g. wearables) may play an essential role in enabling other markets across all application scenarios through economies of scale for RedCap UE modems. 
On the methodology:
Observation 3: The first stage of the study can proceed at separate rhythm per each cost reduction feature. For each of these, as a first step, their definition, parameters and alignment with RedCap use cases needs to be agreed on. 
Observation 4: The recommended cost breakdown and weights in LTE TR 36.888 need to be updated to reflect the FR1 and FR2 NR references in TR 38.875. As in TR 36.888, this step should precede the discussion of reduction savings in order to ensure that the reference cost breakdown is unambiguous amongst companies.  
Observation 5: Estimating cost savings obtained from combined reduction features should avoid “double-counting” the complexity savings obtained from individual features.
Observation 6: The methodology does not take into account economies of scale (vs. market fragmentation) amongst the cost drivers. This fact should be stated explicitly in Section 7.7 of TR 38.875, where combinations of reduction features are selected and assessed. 
On the relaxation of the maximum RedCap UE bandwidth:
Observation 7: Coverage recovery solutions (e.g. targeting higher PDCCH aggregation levels) should favour solutions applicable for both low-end and high-end devices in order to minimize standardization effort and avoid market fragmentation. Therefore, 20 MHz maximum UE bandwidth should be assumed as the only option in FR1, at least for downlink. 
Proposal 1: Study the need for explicitly limiting the peak device data rate.  
On the number of mandated RedCap UE Rx antennae:
Proposal 2: Support RedCap UE’s with 2 Rx antennae in FR1 channels above 2495 MHz (relaxation from 4 antennae requirement) and with 1 Rx antenna in channels below 2495 MHz (relaxation from 2 antennae requirement). 
FFS: whether to support RedCap UE’s with 1 Rx antennae in FR1 channels above 2495 MHz.
Observation 8: AL16 PDCCH link budget decreases by 2.6 dB for 99% target reliability in 700 MHz band when the number of UE receive antennae is reduced from 2 to 1.
Observation 9: AL16 PDCCH link budget decreases by 2.3 dB for 99% target reliability in 4GHz band when the number of UE receive antennae is reduced from 4 to 2.
Observation 10: AL16 PDCCH link budget decreases by 5.6 dB for 99% target reliability in 4GHz band when the number of UE receive antennae is reduced from 4 to 1.
On half-duplex FDD operation for RedCap UE:
Observation 11: Half-duplex FDD allows sparing the 1-2 dB insertion loss of the duplexer in the UE for the antenna shared with Tx. Dropping the duplexer per each band also saves on cost and area of the RF frontend.
Observation 12: Scheduling effectiveness is not jeopardized by supporting Type-A half-duplex UE’s in paired spectrum, since each UE could switch between DL and UL at independent points in time, according to their respective scheduled or configured uplink transmissions. 
Observation 13: With Type-A HD FDD, only the duplexer is dropped, and the same (full-duplex) UE modem can be reused in full-duplex and half-duplex FDD UE designs, thus avoiding UE modem market fragmentation.
Observation 14: Type-B HD FDD should not be studied unless necessary for a tailored design that significantly reduces complexity via UE processing timeline and capability restrictions.
On RedCap UE processing capability:
Observation 15: The 16 HARQ processes mandated for NR should be maintained for relaxed RTT in the case of RedCap NR as well. However, the maximum number of soft channel bits should be capped separately from the number of HARQ processes, based on:
	Max_soft_channel_bits     =    Peak_data_rate  [bit/s] *   reference_RTT [s]  /  LBRM_native_code_rate     	

where the reference_RTT in FR1 is based on the TDD configuration having the longest downlink duration.  
Proposal 3: Limit the maximum number of soft channel bits for RedCap NR, without reducing the number of HARQ processes.
On RedCap UE timelines:
Observation 16: N1 and N2 UE processing timelines should not be relaxed below UE processing capability 1 for RedCap NR. The benefits expected from such a relaxation would not be in proportion to the standardization effort, the impact on scheduling and the potential limitation on scope of applicability.
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Appendix 
Link-level simulation settings for PDCCH performance evaluation are listed in Table 6 and Table 7.
[bookmark: _Ref47616752][bookmark: _Ref40465928]Table 6: Link-level simulation settings for PDCCH performance evaluation at 4 GHz
	Parameter
	Value

	Carrier frequency for evaluation
	700 MHz

	Channel model
	Urban TDL-C (delay spread: 300ns) as in 38.901

	UE speed
	3 km/h

	BS antenna configuration
	4 TxRU’s 
16 antenna elements (M,N,P,Mg,Ng) = (4,2,2,1,1)

	UE antenna configuration
	4, 2 and 1 Rx antenna ports

	System bandwidth
	20 MHz

	Sub-carrier spacing
	15 kHz

	Channel estimation
	Practical

	PDCCH
	40 bits payload, AL16

	CORESET
	2 symbols, 48 PRBs



[bookmark: _Ref47616754]Table 7: Link-level simulation settings for PDCCH performance evaluation at 4 GHz
	Parameter
	Value

	Carrier frequency for evaluation
	4 GHz

	Channel model
	Urban TDL-C (delay spread: 300ns) as in 38.901

	UE speed
	3 km/h

	BS antenna configuration
	64 TxRU’s 
192 antenna elements (M,N,P,Mg,Ng) = (12,8,2,1,1)

	UE antenna configuration
	4, 2 and 1 Rx antenna ports

	System bandwidth
	20 MHz

	Sub-carrier spacing
	30 kHz

	Channel estimation
	Practical

	PDCCH
	40 bits payload, AL16

	CORESET
	2 symbols, 48 PRBs
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