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Introduction
[bookmark: _Ref178064866]Network energy efficiency is selected as one of thirteen performance requirements for IMT-2020. Previous contributions [1]-[4] has presented the benefit of longer sync periods with respect to network energy efficiency. In this contribution we present additional assessments based on the base station power consumption model presented in [5].
This contribution is a resubmission of R1-1805235.
Discussion
Power model
Figure 1 depicts the principle behavior of a radio base station power consumption as function of the RF output power. This simple model is surprisingly accurate, giver proper parameterization, and this kind of power model was used extensively in e.g. the European EARTH project when evaluating network power consumption. 

[image: ]
[bookmark: _Ref498094423]Figure 1: Principle of the power model used in this evaluation.
In this evaluation we will use the power model in Figure 1 together with parameters that was defined in [5]. This model consists of power consumption models for base stations of types 2x2 macro, 4x4 macro, pico, femto, and LSAS (large scale antenna system). The model defines 4 sleep modes with activation times of 71.4 µs (1 OFDM symbol in 15 KHz numerology), 1 ms, 10 ms, and 1 second respectively. Note that the macro power models (2x2 macro and 4x4 macro) provide power consumption number per sector and in this evaluation, we assume that each macro base station consist of 3 sectors. The pico, femto, and LSAS base stations are assumed to consist of 1 sector. The LSAS (large scale antenna system) power model correspond to a massive MIMO base station with a single antenna panel consisting of 200 antenna elements having a total maximum RF transmission power of 41 dBm.
One thing to note is that the macro base station power models use large power amplifiers that dominate the power consumption of these nodes. For the low power base stations (pico/femto) the power consumption of baseband processing components constitutes the largest fraction of the power consumption. For low power base stations, we have very low RF power and in these cells the base band is dominating. For small cells, discontinuous reception (DRX) and de-activation of base band processors will also have a big impact on the power consumption. Hence the relative gain with discontinuous transmission (DTX) can be expected to be larger for macro base stations larger in these types of base stations
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[bookmark: _Ref498084219]Figure 2: Power models including sleep states for different base station types. (Source: Debaillie, Desset, Louagie, A Flexible and Future-Proof Power Model for Cellular Base Stations, In Proc. IEEE Vehicular Tech. Conf. Spring 2015, Glasgow, Scotland, May 2015).
An examination of the relative numbers in the power model is depicted in Figure 2. We note that for the macro models the difference between the P0 and Sleep 1 is relatively small and that the largest benefits with sleep duration are obtained in the Sleep 2 state. Additional gains with going to deeper sleep (Sleep 3 and Sleep 4) states are relatively minor for the macro power models (macro 2x2 and macro 4x4).  
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[bookmark: _Ref498085358]Figure 3: An examination of the relative numbers in the power model. 
LTE idle mode reference case
The EARTH project defined an energy efficiency evaluation framework (E3F) for radio networks consisting of base station power models, traffic models, and deployment models. When using that model, we have discovered that the traffic has a very minor impact on the network energy consumption. Most cells in a nationwide network are empty most of the time, if we examine the network on a ms time scale. The impact that the user traffic has on the network energy consumption is in the lower single digit percentage range (in [6] it was estimated to be 1.4% in a nationwide LTE network).
The idle mode signals that need to be transmitted from an LTE cell is depicted in Figure 3. All sub-frames contain CRS transmissions. Sub-frame 0 contains the PSS, SSS, and PBCH in addition. System information is assumed to be transmitted in sub-frame 5. 

[image: ]
[bookmark: _Ref498091648][bookmark: _Ref498091635]Figure 4:The instantaneous load of the power amplifier (PA) in an “empty” LTE radio frame (i.e. a radio frame with no user plane data).
With the load profile from Figure 3 we can apply one of the power models depicted in Figure 1. Using the macro 2x2 power model we obtain the instantaneous power consumption profile for an empty LTE cell as depicted in Figure 4.
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[bookmark: _Ref498091830]Figure 5: Instantaneous power consumption of a 3-sector “macro 2x2” base station using the power model depicted in Figure 1.
In Figure 4 we note that the power consumption peaks reach 725 W. One symbol before each transmission the base station need to become active active (consuming 3 x 114.5 = 343.5 W, see Figure 1). The base station is able to sleep for a few of the OFDM symbols, but it can only reach “sleep mode 1” where the consumption is 3 x 76.5 = 229.5 W. The average power consumption in an “empty” radio frame (with no user plane data transmissions) is approximately 400 W when using the macro 2x2 power model in Figure 4. 
DTX duration and DTX ratio comparison between LTE and NR
The DTX ratio is defined as the amount of time that a base station is not transmitting any RF power. The DTX ratio is the time duration when the base station is not transmitting any RF power. As a simple example, consider two base station with the same DTX ratio of 50%. The first base station is transmitting every even symbol and is in DTX every odd OFDM symbol (i.e. transmitting according to a pattern [1 0 1 0 1 0 1 0 1 0]). The second base station is transmitting for 5 consecutive OFDM symbols and is then in DTX for 5 consecutive OFDM symbols (i.e. transmitting according to the pattern [1 1 1 1 1 0 0 0 0 0]). The latter base station longer DTX duration (5 versus 1), and according to the power models used here we should expect that the second base station consume less energy because of this.
The power consumption benefits of NR compared to LTE are significant. Due to the long periods of dis-continuous transmission (DTX) that NR enables in the base station the base station hardware components can be put into very low power consuming sleep states in between the mandatory transmissions. NR support SS Block transmission as seldom as every 20 ms for stand-alone operation. The corresponding DTX time for LTE is the time in-between consecutive CRSs which is approximately 0.2 ms. The DTX duration of NR is thus approximately 100 times longer than that of LTE.
In addition to DTX duration, NR also supports significantly larger DTX ratio. While an LTE base station need to be active and transmit approximately 50% of the time in idle mode (see Figure 4) the corresponding number for NR is significantly lower. The exact value depends on the number of SSBs and the sub-carrier spacing. With 1 SSB every 20 ms and 15 kHz SCS the DTX ratio of NR becomes approximately 1.7%, which is approximately 30 times lower than for LTE.
NR idle mode power consumption
The idle mode power consumption for NR depends on the number of SS Blocks that are used, the sub-carrier spacing, etc. In order to do a reasonably fair comparison, we select the same sub-carrier spacing for NR as we used in the LTE reference case, i.e. 15 kHz. 
A network energy consumption optimized configuration is to operate NR with a single wide-beam transmitted SS Block. We further assume that the system information transmission can occur in the same symbols as the SSB, i.e. using frequency multiplexing. We assume that the power consumption required to transmit the SSB and the system information corresponds to 25% of the total base station power. 
In Figure 5 we see the instantaneous power consumption in the base station when applying the “macro 2x2” power model defined above. The SS Block periodicity used in this example is 20 ms. We note that the NR base station can enter both sleep mode 3 (with an activation delay of 10 ms) and sleep mode 2 (with a 1 ms activation delay). The peak power consumption is higher for NR than for LTE (approximately 785 W in Figure 5) but the average power is significantly lower (approximately 45 W) due to the long sleep modes that are accessible for NR. 
Comparing the peak power for LTE (Figure 5) and NR (Figure 6) we note that the peak power consumption for NR is higher. This is because that for NR we assume that the system information is transmitted at the same time as the SS Block (frequency multiplexed) while for LTE the system information is not transmitted at the same time as the corresponding LTE signals (i.e. system information transmission in LTE is time-multiplexed with PSS/SSS/PBCH). For this reason, the transmission power when actually transmitting, is slightly higher for NR compared to LTE in this assessment. 
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[bookmark: _Ref498093136]Figure 6: Instantaneous power consumption for NR with a 1 SSB configuration, 20 ms SSB periodicity using the power model “macro 2x2”. 
In Figure 6 we depict the average power consumption for NR for all different power models and for the relevant SSB periodicities supported in the NR standard (5, 10, 20 40, 80, and 160 ms). As a reference we note that the LTE power consumption for the corresponding power models are {401, 461, 2.2692, 0.92, 28.7} W for the power models {macro 2x2, macro 4x4, pico, femto, LSAS} respectively.
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[bookmark: _Ref498093570]Figure 7: Average idle power consumption for NR when applying the power models in Figure 1 as function of the SS Block periodicity.
In Figure 7 we show the power consumption gain with NR compared to LTE expressed as Paverage,LTE / Paverage,NR. We note that for 20 ms SSB periodicity and using the macro 2x2 power model NR is capable of operating with 9 times lower average power consumption compared to LTE. The LSAS power model results is a factor of 6 times lower power consumption for NR compared to LTE for an SSB periodicity of 20 ms and more than 10 times lower for an SSB periodicity of 160 ms.
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[bookmark: _Ref498093871]Figure 8: Power consumption gain with NR versus LTE for different power consumption models and SS Block periodicities.
In addition to extended sleep in time and sleep ratio there are additional benefits with NR that are not addressed here. In LTE the CRS transmissions cover the whole system bandwidth and they are always transmitted from all antenna ports (up to 4 ports) that the base station is equipped with. The SS Block and system information transmissions in NR are only defined for one antenna port covering a limited part of the overall system bandwidth, which makes it possibly to adapt both the bandwidth as well as the number of active antenna ports in NR in a more flexible and energy efficient way. These potential additional benefits are not considered in this assessment.
[bookmark: _Ref473719292]Conclusion
LTE networks are dominated by idle mode power consumption. NR supports significantly longer network DTX durations and have a significantly larger DTX duration. Using the power models defined in [5] we conclude that this result in significantly lower idle mode power consumption as well. As an example, a stand-alone LSAS (large scale antenna system) base station can have a 6 times lower power consumption if we use NR compared to LTE (assuming 20 ms SSB periodicity) and more than 10 times lower power consumption is achievable for larger SSB periodicities.
For traditional 2TX macro base stations the energy saving gains with NR compared to LTE are even larger. The energy consumption can be reduced with a factor of 9 in a stand-alone case (20 ms SSB periodicity) and close to 19 times for a non-stand-alone case (SSB periodicity 160 ms).
The energy savings enabled by NR will result in significant energy cost savings for operators. It will help to reduce the carbon footprint of cellular networks even further. Lower energy consumption is of importance in off-grid areas where base stations need to be powered by on-site generated power, such as solar panels. The size of backup batteries is reduced proportionally to the average energy consumption. Also, reduced energy consumption result is reduced heat dissipation which is a major hurdle for product miniaturization. The combined techno economic effects of such large improvements in network energy performance are difficult to overestimate. 
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