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Abbreviations

3GPP: 3rd Generation Partnership Project
BS: Base-station
BW: Bandwidth
CCE: Control channel element
CP: Control-plane
CSI-RS: Channel state information reference signal
DL: Downlink
DM-RS: Demodulation reference signal 
eMBB: enhanced mobile broadband
gNB: g-NodeB
GoS: Grade-of-service
HARQ: Hybrid automatic repeat request
ITU: International Telecommunication Union
mMTC: massive Machine-Type Communications
NR: New Radio
NB-IoT: Narrowband-Internet of Things
PDCCH: Physical downlink control channel, PDSCH: Physical downlink shared channel
PRB: Physical resource block 
PT-RS: Phase tracking reference signal 
PUCCH: Physical uplink control channel; PUSCH: Physical uplink shared channel 
QoS: Quality-of-service
RAN: Radio access network
RE: Resource element
RIT: Radio-interface technology
SCS: Sub-carrier spacing
SDU: Service data unit
SR: Scheduling request
SRS: Sounding reference symbol
SSB: Synchronization signal block 
SCM: Stochastic channel model
TRxP: Transmission and reception point
TRS: Tracking reference signal
TTI: Transmission time interval 
UE: User equipment 
UL: Uplink
UP: User-plane
urLLC: ultra-reliable low-latency communications
Introduction
The ITU target for control-plane (CP) latency in IMT 2020 has been set to 20 ms [1], while in 3GPP [2], to 10 ms. In this paper, Ericsson makes an evaluation of the CP latency in NR with different configurations and shows that the target can be reached in both FDD and TDD schemes.
CP Latency 
Definition
ITU has defined the CP latency and the requirement on it as follows [1]:

Control-plane latency refers to the transition time from a most “battery efficient” state (e.g. Idle state) to the start of continuous data transfer (e.g. Active state).

This requirement is defined for the purpose of evaluation in the eMBB and urLLC usage scenarios.

The minimum requirement for control-plane latency is 20 ms. Proponents are encouraged to consider lower control-plane latency, e.g. 10 ms.

A most battery efficient state should be interpreted here as Idle or Inactive state, both of which have the same energy consumption.
The start of continuous data transfer should be interpreted as the point in time where the UE is ready to be scheduled, i.e. when it enters the Active state. 
Control-plane signalling 
According to the definition of CP latency, it is necessary to study the transition from the RRC Inactive state to the RRC Active state, as shown in Figure 1.
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[bookmark: _Ref276334]Figure 1: Illustration of CP signalling during transition from Inactive to Active states.
Processing delay 
In this paper, the assumption is that the minimum timing capabilities have been agreed for NR. With the UE capability, the minimum UL timing is set to be 3 symbols for both 15 kHz and 30 kHz SCS. For 120kHz, the assumption is made of 9 symbols timing.
With mini-slots, the TTIs can have different lengths and Ericsson has therefore counted the processing in terms of the shortest considered TTI, which is 4 symbols in this paper. For simplicity, the processing delay is therefore set to 1 TTI for both 15 and 30 kHz SCS and 3 TTI at 120 kHz SCS, in both gNB and UE.
The RRC processing delays are assumed to be of a fixed value of 3 ms, as discussed in [3].
Achievable latency in FDD 
For the evaluation of latency, it is assumed that the UE works with n+2 timing and the gNB with n+3 timing as the fastest options, i.e. that the processing budget is 1 and 2 TTIs, respectively. This is for 15 and 30 kHz SCS. For 120kHz, the processing delay is doubled in TTIs, giving n+3 timing for the UE and n+5 timing for gNB.
With the assumptions described above, the resulting CP latency will be as outlined in Table 1. As can be seen, the total worst-case delay sums up in the range 9-14 TTIs + 6ms for FDD.

	Component
	Description
	Latency

	
	
	15/30kHz
	120kHz

	1
	Worst-case delay due to RACH scheduling period (1TTI period)
	1TTI
	1TTI

	2
	Transmission of RACH Preamble
	1TTI
	1TTI

	3
	Preamble detection and processing in gNB
	1TTI
	3TTI

	4
	Transmission of RA response
	1TTI
	1TTI

	5
	UE Processing Delay (decoding of scheduling grant, timing alignment and C-RNTI assignment + L1 encoding of RRC Connection Request)
	1TTI
	2TTI

	6
	Transmission of RRC Connection Resume Request
	1 TTI
	1 TTI

	7
	Processing delay in gNB (L2 and RRC)
	3 ms
	3 ms

	8
	Transmission of RRC Connection Resume (and UL grant)
	1 TTI
	1 TTI

	9
	Processing delay in the UE (L2 and RRC)
	3 ms
	3 ms

	10
	Transmission of RRC Connection Resume Complete (including NAS Service Request)
	1 TTI
	1 TTI

	11
	Processing delay in gNB (Uu –> S1-C)
	1 TTI
	3 TTI

	 
	Total delay
	9 TTI + 6 ms
	14 TTI + 6ms


[bookmark: _Ref281648]Table 1: CP latency in TTIs in NR Rel-15 FDD.

1. [bookmark: _Toc494738474]The worst-case CP latency in NR Rel-15 FDD is estimated to 9TTI+6ms at 15/30kHz SCS and 14TTI+6ms at 120kHz SCS.
Achievable FDD latency in ms
With different TTI lengths and SCSs, the absolute delay will differ, as shown in Table 2. Here, the values calculated above in Table 1 have been assumed.

	CP latency (ms)
	15kHz SCS
	30kHz SCS
	120kHz SCS

	14-symbol TTI
	15
	10.5
	7.8

	7-symbol TTI
	10.5
	8.3
	6.9

	4-symbol TTI
	8.6
	7.3
	6.5


[bookmark: _Ref282107]Table 2: Achievable CP latency for NR Rel-15 in ms.
As can be seen in the table, all considered configurations fulfil the 20ms 5G target on CP latency, and almost all configurations also reach the 10ms target.

1. NR Rel-15 FDD can reach the 3GPP and ITU 5G targets on CP latency.
Achievable latency in TDD 
For the TDD slot sequence, two cases are studied: an alternating UL-DL sequence, and a DL-heavy UL-DL-DL-DL sequence. Due to the slot sequence, additional alignment delays are added.
With the assumptions described above, the resulting CP latency will be as outlined in Table 3. As can be seen, the total worst-case delay sums up in the range 12-26 TTI + 6ms for TDD.

	Component
	Description
	
UL-DL Latency

	
UL-DL-DL-DL Latency


	
	
	15/30kHz
	120kHz
	15/30kHz
	120kHz

	1
	Worst-case delay due to RACH scheduling period (1TTI period)
	2 TTI
	2 TTI
	4 TTI
	4 TTI

	2
	Transmission of RACH Preamble
	1 TTI
	1 TTI
	1 TTI
	1 TTI

	3
	Preamble detection and processing in gNB
	1 TTI
	3 TTI
	1 TTI
	3 TTI

	4
	DL slot alignment
	1 TTI
	1 TTI
	0 TTI
	1 TTI

	5
	Transmission of RA response
	1 TTI
	1 TTI
	1 TTI
	1 TTI

	6
	UE Processing Delay (decoding of scheduling grant, timing alignment and C-RNTI assignment + L1 encoding of RRC Connection Request)
	1 TTI
	3 TTI
	1 TTI
	3 TTI

	7
	UL slot alignment
	1 TTI
	1 TTI
	0 TTI
	3 TTI

	8
	Transmission of RRC Connection Resume Request
	1 TTI
	1 TTI
	1 TTI
	1 TTI

	9
	Processing delay in gNB (L2 and RRC)
	3 ms
	3 ms
	3 ms
	3 ms

	10
	DL slot alignment
	1 TTI
	1 TTI
	0 TTI
	1 TTI

	11
	Transmission of RRC Connection Resume (and UL grant)
	1 TTI
	1 TTI
	1 TTI
	1 TTI

	12
	Processing delay in the UE (L2 and RRC)
	3 ms
	3 ms
	3 ms
	3 ms

	13
	UL slot alignment
	1 TTI
	1 TTI
	0 TTI
	3 TTI

	14
	Transmission of RRC Connection Resume Complete (including NAS Service Request)
	1 TTI
	1 TTI
	1 TTI
	1 TTI

	15
	Processing delay in gNB (Uu –> S1-C)
	1 TTI
	3 TTI
	1 TTI
	3 TTI

	 
	Total delay
	14 TTI + 6 ms
	20 TTI + 6 ms
	12 TTI + 6 ms
	26 TTI + 6 ms


[bookmark: _Ref372261]Table 3: CP latency in TTIs in NR Rel-15 TDD.
1. [bookmark: _Toc494738476]The worst-case CP latency in NR Rel-15 TDD with alternating UL-DL pattern is estimated to 14TTI+6ms for 15/30kHz SCS and 20TTI+6ms for 120kHz SCS.
Achievable TDD latency in ms
With different TTI lengths and SCSs, the absolute delay will differ, as shown in Table 2. For the alternating UL-DL TDD pattern, the latency obtained is indicated in Table 4, and for the UL-DL-DL-DL TDD pattern, the resulting latency is shown in Table 5.

	CP latency (ms)
	15kHz SCS
	30kHz SCS
	120kHz SCS

	14-symbol TTI
	20
	13
	8.5

	7-symbol TTI
	13
	9.5
	7.3

	4-symbol TTI
	10
	8.0
	6.7


[bookmark: _Ref283033]Table 4: Achievable CP latency for NR Rel-15 in ms for TDD with alternating UL-DL pattern.
	CP latency (ms)
	15kHz SCS
	30kHz SCS
	120kHz SCS

	14-symbol TTI
	18
	12
	9.3

	7-symbol TTI
	12
	9.0
	7.6

	4-symbol TTI
	9.4
	7.7
	6.9


[bookmark: _Ref372297]Table 5: Achievable CP latency for NR Rel-15 in ms for TDD with UL-DL-DL-DL pattern.
As can be seen in the tables, all considered configurations fulfil the 20ms 5G target on CP latency for the alternating UL-DL TDD pattern, and several configurations can also fulfill the 10ms requirement.

1. The worst-case CP latency in NR Rel-15 TDD with alternating UL-DL pattern is estimated to 14TTI+6ms for 15/30kHz SCS and 20TTI+6ms for 120kHz SCS.
The observation above may be used for the discussion on CP latency.
Conclusion
In the previous section, the following observations were made:
 
Observation 1 The worst-case CP latency in NR Rel-15 FDD is estimated to 9TTI+6ms at 15/30kHz SCS and 14TTI+6ms at 120kHz SCS.
Observation 2 NR Rel-15 FDD can reach the 3GPP and ITU 5G targets on CP latency.
Observation 3 The worst-case CP latency in NR Rel-15 TDD with alternating UL-DL pattern is estimated to 14TTI+6ms for 15/30kHz SCS and 20TTI+6ms for 120kHz SCS.
Observation 4 NR Rel-15 TDD can reach the ITU and 3GPP 5G targets on CP latency.
These observations can be used to conclude on CP latency. 
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