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Introduction
Contributions in previous meetings have expressed concerns about the latency and complexity (power consumption) of NR PSS search considering the novel approach of a fixed frequency raster contrary to the centered sync as is the case in LTE [3]. Furthermore, Ericsson has previously identified the essential KPIs for scenarios involving sync [2]. This paper presents an estimate of power consumption for NR PSS and compares it to that of LTE.
UE costs searching for PSS
PSS complexity is a major concern for UE performance in the out-of-sync (OoS) scenario, where the UE must search for sync continuously in order to recover connectivity. For this reason, it is important that particularly PSS detection is performed efficiently with a minimum power consumption, since PSS will be searched continuously in the OoS scenario. Furthermore, in the power ON (PwrON) scenario, too long sync periodicity is feared to have a negative impact on the time-to-sync (TtS) delay.
In this contribution we take a novel approach for detecting first PSS and then subsequent parts of the SSB by utilizing NR UEs’ evolved performance compared to LTE UEs. From this perspective it is noteworthy that sync is essentially unchanged from LTE’s Rel. 8 and with few exceptions essentially still are based on such UEs’ features. When comparing LTE sync, a reasonable approach in terms of user experience is thus to compare an NR UE with an LTE Rel. 8 ditto. Furthermore, parts of the increased complexity of NR sync is due to substandard performance for LTE. The cost of that must be appreciated, not used as an argument against NR sync complexity. Yet another aspect is to compare similar bands. Although NR sync will be performed on higher frequencies, a fair comparison should be done under similar or equal conditions. As presented previously, unassisted NR sync is unlikely to take place at higher frequency bands, due to their inherent limitations in coverage. Also, NR is designed as a flexible and highly configurable RAT. One consequence of this flexibility is a higher load of network configuration parameters needed to be transmitted to the UE. Such configurability is introduced in order to bring about a better network, although it may affect certain aspects of cell search negatively.
Assumptions
In the below comparisons it is assumed that neither LTE nor NR use oversampling.
Table 1: General PSS detection assumptions for LTE and NR.
	
	LTE
	NR

	RX bandwidth [MHz]
	20
	80

	Oversampling
	1
	1

	Sync BW [MHz]
	1.08
	4.32

	Sync period [ms]
	5
	20

	Sync sequence length
	63
	126

	Sync positions
	
	20



For this comparison a fictitious 80 MHz band with five networks have been assumed, including one center network with 20 MHz bandwidth and four surrounding networks with 15MHz bandwidth, see Figure 1.


[bookmark: _Ref478037099]Figure 1: Example configuration used for comparisons below.
To simplify the comparison, the following simplifications have been done:
· Only radio and DSP costs are considered, since these are the blocks that are either most expensive to power on (radio), or performs the most computations (DSP). As such these blocks are key differentiators between different sync algorithms and sequence lengths.
· For the PwrON cell search scenario, the preferred KPI is TtS, whereas for the OoS scenario it is energy.
· One PSS sequence is assumed, both for LTE and NR, since this parameter is still undefined for NR.
There are strong reasons for only using PSS in such a comparison:
1. PSS is what primarily drains power during OoS,
2. Subsequent sync steps will be more RAT specific in terms of information distribution, and thus more difficult to compare fairly. For example, the larger degree of configurability in NR compared to LTE should be disregarded since the main reason for such improved configurability is not sync performance per se but instead network flexibility. 
Additionally, as previously mentioned, it should also be noted that parts of the increased NR sync complexity are due to an identified need for improving NR sync performance compared to that of LTE.
Radio power consumption
The following radio performance figures are based on the Ericsson M7450 modem. In order translate the M7450 to present day technology, its bandwidth has been increased to a maximum of 80 MHz, and its power figures adjusted appropriately. Based on measurements for 10 and 20 MHz, additional bandwidths (1.44 MHz, 5 MHz and 80 MHz have been estimated. A first order approximation is to assume that a doubling the bandwidth will correspond to a doubling of the variable power. Correspondingly, a halving of the bandwidth will result in a halving of the variable power. Table 2 presents the RX ON power figures for relevant frequencies.
[bookmark: _Ref477863825]Table 2: Power consumption for RX ON at different bandwidths, and associated RX ON energy costs. 1.44, 5 and 80 MHz values are extrapolated from true 10 and 20 MHz values of BMOD M7450.
	RX ON cost
	1.44 MHz
	5 MHz
	10 MHz
	20 MHz
	80 MHz

	RX on
	120 mW
	140 mW
	160 mW
	200 mW
	280 mW

	5 ms RX on
	0.60 mJ
	0.70 mJ
	0.80 mJ
	1.0 mJ
	 1.4 mJ

	20 ms RX on
	2.4 mJ
	2.8 mJ
	3.2 mJ
	4.0 mJ
	 5.6 mJ



DSP power consumption and processing time
DSP costs are based on Ericsson’s Embedded Vector Processor (EVP) included in the M7450 modem. This DSP is capable of performing eight parallel complex 16 bit MAC operations per clock cycle. To “upgrade” the 28 nm DSP in M7450 to a modern day 10 nm geometry, a linear relation between power and geometry has been assumed, see Table 3. As can be seen in the table, the clock frequency matters only marginally from the power perspective, why a MAC cost of 0.20 pJ has been assumed in the computations below.
[bookmark: _Ref477864406]Table 3: DSP power consumption and associated cost per complex MAC operation. Values for a state of the art 10 nm geometry are estimated from the 28 nm values of BMOD M7450.
	DSP op. cost
	208 MHz
	416 MHz

	DSP ON (28 nm)
	85 mW
	200 mW

	DSP ON (10 nm)
	30 mW
	71 mW

	Energy per MAC (10 nm)
	18 pJ
	21 pJ



Considering the number of operations that are necessary to detect the PSS for one frequency position, the number of operations are presented in Table 4. In the table is also presented the DSP execution time assuming a 1 GHz clock speed. In the table a Radix-2 FFT is assumed with a complexity of N log2 N MACs.
[bookmark: _Ref477364854]Table 4: DSP complexity and cost in terms of time and energy for select operations regarding LTE or NR PSS detection.
	DSP ops cost
	Complex samples/symbol
	# symbols/ PSS period 
	#MACs/ sample
	Total #MACs
	# DSP cycles
	DSP energy
	DSP ON time (@1 GHz)

	63 tap matched filtering (LTE)
	63
	75
	63
	0.30M
	37k
	6.0 µJ
	37 µs

	126 tap matched filtering (NR)
	218
	600
	218
	28.6M
	3.6M
	0.57 mJ
	3.6 ms

	2048 FFT (1 sym x 20 MHz)
	
	
	
	22.5k
	2.8k
	0.45 µJ
	2.8 µs

	131k IFFT (30k/50*126)
	
	
	
	2.2M
	0.28M
	44 µJ
	0.28 ms

	524k FFT (5 ms x 100 MHz)
	
	
	
	10M
	1.2M
	0.20 mJ
	1.2 ms

	2.1M FFT (20 ms x 100 MHz)
	
	
	
	44M
	5.5M
	0.88 mJ
	5.5 ms



LTE PSS detection
The de facto standard LTE PSS detection algorithm has previously been presented in [1], and is presented in more detail w.r.t. complexity below.
1. Full band spectrum estimation for network identification. In order to achieve sufficient accuracy approximately 5 subframes (5 ms) per recorded RX BW or 20 subframes in total. This translates to 20 ms RX ON. Spectrum estimation may be performed by an efficient Radix-2 FFT using N log2 N MACs per symbol or 4 x 5 x 14 x N log2 N in total.
2. Estimate likely network center positions. The cost associated with this is assumed to be negligible.
3. For each center position
a. Receive 5 ms of 1.4 MHz narrowband data. Assuming 5 networks implies that the average RX on case of 12.5 ms and a worst RX on case of 25 ms RX on.
b. Analyze 3-5 frequency bins with 9 frequency hypotheses (±30 kHz in 7.5 kHz grid). In the below it is assumed that once sync is achieved towards one network, no frequency hypotheses are required for the remaining network candidates. The cost of each sync detection attempt is presented in Table 4.

A summary of the above costs, both in terms of energy and in time (assuming ideal execution) is presented in Table 5.

[bookmark: _Ref477867649]Table 5: LTE legacy, online PSS search and its associated energy cost in terms RX ON and DSP processing.
	
	#RX ON iterations, worst case
	RX ON time
	RX ON energy
	DSP ON time @ 1 GHz
	DSP energy

	Spectrum estimation 4 BWs x 5 SFs x 14 syms x Radix-2 FFT (4x5x14xNlog2N complexity)
	1
	20 ms
	4.0 mJ
	1.9 ms
	0.13 mJ

	Open PLL PSS (9 freq. hypotheses x 5 freqs)
	5
	25 ms
	3.0 mJ
	1.7 ms
	0.27 mJ

	Locked PLL PSS (1 freq. hypothesis x 5 freqs/network x 5 networks)
	20
	125 ms
	15 mJ
	0.74 ms
	0.12 mJ



From this table it is possible to discern that sync may be achieved in about 174 ms, and the power associated with sync is approximately 23 mJ.

[bookmark: _Toc478110529]RX ON dominates LTE sync costs both with respect to energy and time.
NR PSS detection
Below novel NR PSS detection algorithms are presented. The first algorithm assumes hierarchical sync positions such that the correct sync positions may be identified with a minimum number of sync attempts. The second search algorithm makes no such assumption, but instead the UE will have to rely on a brute force exhaustive search over all possible sync positions. Both algorithms assumes off-line processing such that a wideband signal is recorded for the duration of a sync period, whereafter a sync detection attempt is made for the candidate frequencies per the following steps.
1. Record full bandwidth for the duration of a sync period (20 ms). With same RX BW => 80 ms (WB) RX ON. With 80 MHz NR BW => 20 ms
1. Perform a FFT on the whole 20 ms interval. This implies a 50 Hz SCS on the transformed signal, at a complexity of N log2 N where N = 1.6x106 resulting in a total complexity of 3.3x107.
1. Select a subset of the frequency bins, that are corresponding to a certain sync frequency, numerology and frequency error hypothesis
1. Compute an IFFT on subset signal
1. Filter the time domain signal with a sync reference
1. Detect sync according to some criterion

One possibility to reduce complexity in the above algorithm is to utilize the spectrum estimation in step 2 to identify candidate sync positions. Hence, in many cases a UE may significantly reduce the sync power consumption, by identifying stronger, more likely candidate positions prior to weaker candidate positions.  

Power ON with hierarchical sync search
Assuming hierarchical sync positions, the first algorithm is suitable for assessing PwrON TtS. The resulting sync positions and the tree based search order are presented in Figure 1. It should be noted that for the OoS scenario, the hierarchical approach does not differ from a sequential search algorithm, provided these two alternatives comprise the same number of sync locations.



[bookmark: _Ref477363381]Figure 2: 5 MHz SSB positions within respective carrier according to a hierarchical tree search. Sync for all carriers is found in seven attempts without any prior information about network bandwidths.
Table 6 presents the resulting RX ON and DSP ON costs in terms of energy and time associated with the above algorithm. From the table, it is evident that the cost for running the radio is several magnitudes larger than the cost for running the DSP.
[bookmark: _Ref477870328]Table 6: Hierarchical, wideband, off-line NR PSS detection and its associated costs in terms of energy consumption and TtS. For FFTs and IFFTs, lengths are rounded to the nearest higher power of two.
	
	Offline, hierarchical NR PSS detection
	#iterations, worst case 
	RX ON time
	RX ON energy
	DSP ON time
	DSP energy

	
	Record 80 MHz BW
	 
	20 ms
	5.6 mJ
	
	 

	
	20 ms x 80 MHz FFT
	1
	 
	
	5.5 ms
	0.88 mJ

	Uncal. LO
	20 ms x 3.78 MHz IFFT
	9
	
	
	2.5 ms
	0.40 mJ

	
	Matched filter
	9
	
	
	32 ms
	5.1 mJ

	Cal. LO
	20 ms x 3.78 MHz IFFT
	6
	
	 
	1.7 ms
	0.26 mJ

	
	Matched filter
	6
	
	
	21 ms
	3.4 mJ



As is evident from the table, and taking only radio and DSP latency into consideration, sync can be achieved quickly and efficiently in less than 83 ms with a total consumed energy of 16 mJ. This is approximately half the latency compared to LTE, and about 30 % less energy than in LTE. Furthermore, due to the structure of the procedure, this approach will scale much better than the LTE case, since any new sync position may be detected in less than 4 ms.

[bookmark: _Toc478043875][bookmark: _Toc478110530]Using a 20 ms NR sync period, it is possible to perform NR Power ON at half the speed compared to legacy LTE and at 30 % less energy consumption.

Out-of-sync with sequential sync search
The second algorithm also performs off-line processing but does not assume any hierarchical sync positions and thus requires an exhaustive search approach on each candidate sync positon. This is a reasonable scenario for both PwrON and OoS in case sync positions are given equal priority. Per above, 20 sync positions are assumed allowing for substantial flexibility in the different network configurations. An important aspect of this is that, since no network is found, the PLL will operate in an unlocked mode during the whole search.
[bookmark: _Ref477958259]Table 7: Sequential, wideband, off-line NR PSS detection and its associated costs in terms of energy consumption and TtS.
	Offline, hierarchical NR PSS detection
	#iterations, worst case 
	RX ON time
	RX ON energy
	DSP ON time
	DSP energy

	Record 80 MHz BW
	 
	20 ms
	5.6 mJ
	
	 

	20 ms x 80 MHz FFT
	1
	 
	
	5.5 ms
	0.88 mJ

	20 ms x 3.78 MHz IFFT (9x20 )
	180
	
	
	50 ms
	7.7 mJ

	Matched filter (9x20)
	180
	
	
	0.65 s
	0.10 J



As is evident in Table 7, an 80 MHz band can be searched in 0.7 seconds, which is quite acceptable from a latency perspective, but with a higher energy consumption, yet minimal compared to the total energy consumption in a UE. Also, it should be pointed out that this is a rather extreme and unlikely use case assuming the UE has no á priori network information. Comparing to LTE makes little sense since LTE may determine no networks being present already at initial spectrum estimation. Possibly, a longer spectrum estimation for NR may provide the same ability as for LTE that no network is present. Energy consumption may be reduced in three ways: reducing the periodicity, reducing the number of candidate sync positions, or reducing the PLL open loop search space. With respect to periodicity, a halving will provide less than half in gain, leaving the potentially more substantial gains with the two other parameters. In these two parameters there should be significant room for modem implementation improvements.
[bookmark: _Toc478043876][bookmark: _Toc478110531]Out-of-sync energy consumption is very much depending on á priori network information.
It may nevertheless be worth comparing the above approach with narrowband sync detection for which the matched filtering is unchanged but the FFT/IFFT transformations are replaced with a longer RX ON duration. In this case a 5 MHz radio would need to be active for 20 ms per possible sync position, i.e., in total 5.3 s, corresponding to an energy consumption of 0.74 J only for the radio. This is significantly higher energy consumption than what is the case for the wideband approach presented above and even more so compared to the hierarchical sync search.
Dynamic range problem for multi-network reception
One objection to the wideband recording and offline PSS detection scheme is that limitations in a UE’s dynamic range will prevent it from resolving weaker networks in the presence of stronger ones. It is true that this may be a problem, but that doesn’t disqualify the offline processing concept albeit with an iterative extension allowing for arbitrarily large dynamic ranges. Such a solution could be based on first detecting the stronger bands upon which an adjusted bandwidth is recorded for PSS detection in the weaker signal segments in-between the stronger bands. Figure 2 presents such a scheme where an UEs dynamic range is preventing it from detecting Network B due to the substantially stronger signal of Network A. Upon detection of Network A (and possibly also Network C), the bandwidth is shifted or decreased such that Networks A is excluded from the second recording. Upon detecting also Network C, a further narrowing is possible in order to finally resolve Network 3. Although this requires a longer RX ON, it is nevertheless substantially faster than the narrowband search in LTE.


[bookmark: _Ref477430606]Figure 3: Illustration of an iterative PSS detection scheme with an arbitrary dynamic range (dashed line). As stronger networks are detected, a narrower signal is recorded allowing for detection of weaker networks.
[bookmark: _Toc477431503][bookmark: _Toc477431693][bookmark: _Toc477852508][bookmark: _Toc478043877][bookmark: _Toc478110532]Efficient methods exist to manage the dynamic range problem
Conclusion
In section 2 we made the following observations:
Observation 1	RX ON dominates LTE sync costs both with respect to energy and time.
Observation 2	Using a 20 ms NR sync period, it is possible to perform NR Power ON at half the speed compared to legacy LTE and at 30 % less energy consumption.
Observation 3	Out-of-sync energy consumption is very much depending on á priori network information.
Observation 4	Efficient methods exist to manage the dynamic range problem
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 LTE  NR  

RX bandwidth [MHz]  20  80  

Oversampling  1  1  

Sync BW [MHz]  1.08  4.32  

