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MS energy consumption model 
1. Introduction

In the case of wireless devices, especially mobile devices, battery capacity is severely restricted due to constraints on size and weight of the device. As battery capacity is limited, the optimal power consumption management of these devices is very critical, especially for the case of devices intended for M2M communication without external power supply. 
With a primary objective of exploring different possible options for power saving in case of MTC devices, a new study item on “Power Saving for MTC Devices” was agreed in GERAN #60 [1]. 
Effective and efficient management of battery energy in such devices requires a good understanding of where, when and how the energy is used e.g. how much of the device’s energy is consumed by which parts of the device and under what circumstances. 
This discussion paper attempts to analyze the energy consumption of a device by breaking it down into a set of sub-system modules and considering the energy consumption of the sub-system modules under different operating scenarios. 
It is proposed to adopt the model as a common model when estimating energy consumption in both the “Power savings for MTC devices” and “UL multi-user MIMO” study items.
2. Energy Model

There are different techniques available for modeling and estimation of energy consumption in embedded systems. Here, a simple model published by Russell et al. [3] is used for energy consumption analysis. The basic principle used in this method is to calculate total energy consumed by any process by multiplying its average power consumption with the execution time.
In this method, the following energy model is used:
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, where T is the process execution time and P(t) is the instantaneous power of the process. 
Average power, P(avg) is defined as: 
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, which can further be used to derive a the energy as: 
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Where, I(avg) is the average current consumed during the execution of the process and Vcc is the supply voltage. So, if the average power, or the average current, over the execution of any operation is estimated then the total energy consumed by that operation can be calculated using the above equations.
3. Operational sub-systems
The Mobile System (MS) mainly comprised of Modem unit for data transmission/reception over air interface, Application unit for executing the applications like, speech, video and Power supply unit for supplying energy to different units. Out of these, here, the power consumption by the Modem unit is the major concern and primary discussion area. The typical internal block diagram of a GSM MS modem is comprised of a set of sub-systems as shown in Figure 1. GSM Type-1 devices do not require simultaneous transmission and reception (half duplex) and generally, the transmission and reception paths are separated by a time switch. 
When a MS needs to transmit input data (signaling or user data) received from a higher layer it is encoded, modulated, up-converted, amplified and transmitted. Similarly for signal reception, the received RF signal is amplified, down-converted, filtered, sampled, equalized, demodulated, decoded and passed to higher layers. 
All the modem sub-systems do not work at the same time. Performance requirements typically vary over time, as the number of tasks and the nature of the tasks changes over time. Hence it is not required to run each of the sub-systems at the highest possible speed, but rather run the sub-systems at a speed that depends on the operation load at that instant. 
In other words, from an energy conservation point of view, it is wasteful to simply run the sub-system modules at maximum performance all the time. Adapting the clocking frequency and adaptive supply voltage schemes (DVFS – dynamic voltage and frequency scaling) help to adjust dynamically the clock frequency and supply voltage of each sub-system based on the need, which helps to reduce power consumption. 
When voltage or frequency is reduced for a given sub-system, any given task performed thereon takes a longer time to complete. So, to simplify the energy consumption analysis, a modem model is considered wherein for a given mode of operation the supply voltage (Vcc) and clock frequency (fc) are both considered to be kept constant for the duration of that operation and the modem is treated as a block box instead of a number of distinct sub-system modules. 
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Figure 1. MS sub-system modules
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Figure 2. MS modem as a black box

4. Measuring Energy Consumption
If we consider the modem device to be a black box connected to the supply voltage as shown in Figure 2, then the average current consumed during different operational modes like, sleep, reception and transmission can be measured or estimated. 
Typical values of average current at different operational modes are tabulated in Table 1. It has been assumed in the model that the same operating voltage is used in all operational modes and that it is the operating current that is varying based on the specific mode of operation performed. The operating voltage is assumed to be 3.3 V. 
Using the black box model for a modem, any task (or use-case) can be broken down into one or several instances of variable length intervals of the different operational modes:

· Transmission (Tx) -baseband and RF are engaged in data transmission.

· Reception (Rx) - baseband and RF are engaged in data reception.

· Monitoring - RSSI measurements are performed for serving/neighbor cells.

· Light sleep - MS is in wakeup state and waiting to perform impending tasks.  

· Deep sleep - there is no activity for a long duration, modem enters into prolonged sleep (instead of staying in light sleep) by cutting down voltages and clocks to all modem sub-modules excepts RAM memory (for refreshment) and timer management (for interrupt generation). 

Table 1. Typical values of average current during different Modem operations in an MS.
	Operation
	Specification
	Operating current (µA)

	Transmission (Tx)
	Tx (GMSK) (33 dBm) (1)
	1200,000

	
	Tx (8-PSK) (27 dBm) (2)
	350,000

	Reception (Rx)
	Rx with Baseband processing
	30,000

	
	Monitoring (RSSI with 32 I,Q samples)
	20,000

	Power Saving States (3)
	Light sleep
	1,000

	
	Deep sleep 
	0.1

	
	Power off(4)
	0.01


Note 1: Since different transmit current is used based on the required transmit power level set by the MS according to the power control command or specific scenarios (use case), the respective average current value should be derived and be used for power consumption computation. The output power level is dependent on the power amplifier efficiency and several other factors. Here, the average current for maximum output power level (GMSK and 8-PSK modulations) are considered. At this point, the characteristics at lower output power levels are left TBD. 

Note 2: After considering published data from different vendors an assumption of 6 dB back-off for 8PSK seems to reflect a more common back-off than 3.2 dB proposed and agreed as a WA in [4]. It is thus proposed to re-visit this figure.
Note 3: MS can employ different types of sleep modes for power saving, for more details please refer to [4]. 

Note 4: It should be noted that in this state the modem is completely switched off, however some energy is consumed by the application running able to wake the modem up.
Knowing the average operating voltage, average operating current and the duration of these intervals for any given use-case allows for the total energy consumed for that use-case to be easily computed. 
Note that for any given use-case there could be multiple distinct instances of these intervals e.g. Rx, Tx, sleep etc. depending on the set of inputs and outputs managed by the black box for that use-case. If one use-case is executed for total T sec and out of that T1 sec for ‘Rx’ with average current (I1), T2 sec for ‘Tx’ with average current (I2) and T3 sec for ‘Light sleep’ with average current (I3), then the total energy consumption for this use case will be: E = V*(I1*T1 + I2*T2 + I3*T3). Here, V is considered to be constant and average current (I1, I2, I3...) will be taken from the table 1, time interval is already known.  

As one example, reception of a full radio block consists of reception of four normal bursts (577 µs) with the MS being in light sleep in-between the reception opportunities (no neighbor cell measurements and no transmission assumed). I.e. for 4 out of the 32 bursts in the four TDMA frames the MS will be in receiving (Rx) mode and during the 28 remaining bursts it will be light sleep amounting to 281.8 µJ = ((28*1000 + 4*30000)*3.3*577). 
Some different MS operations and their related energy consumption are listed in Table 2.
Table 2. Typical values of energy consumption during different MS operations.

	Operation
	Total energy consumed (µJ)

	Rx - One radio block 
(4 bursts received + 28 bursts in light sleep. Applies also to for example BCCH, PCH blocks)
	281.8

	Tx - One radio block (@ 33 dBm output power, GMSK) (4 bursts transmitted + 28 bursts in light sleep)
	9192.9

	Monitor BCCH carrier - one BCCH carrier measurement 
(In case X neighbors are monitored the figure need to be multiplied by X)
	7.8

	BSIC Reconfirmation (Rx) - One BSIC reconfirmation 
(a single SCH burst is read)
	57.12

	BSIC Identification (Rx + Idle) – One BSIC identification 
(an average of 32 bursts in light sleep + 1 FCH burst read + 1 SCH burst read)
	175.17

	Deep sleep – 1000 bursts duration in deep sleep 
	0.19


5. Conclusion
It is proposed to adopt a black-box model for calculating energy consumption of the device and different operational modes of the device are limited to the ones listed in Table 1. These basic operations will be used as unit for computing total energy consumptions over different use cases. 
Furthermore, the energy calculations listed in Table 2 are proposed to be agreed for different operational modes, and some more energy calculations for other operational modes will be added as required, i.e. as more detailed use cases are developed. 
Note that a use case is seen as involving the identification of one or more instances of the operational modes listed in Table 1 along with their corresponding energy consumption as per Table 2. 
It is proposed to adopt the above discussed black-box model for both the “Power savings for MTC devices” (see [1]) and “UL MU-MIMO” (see [2]) studies. Power consumption calculations made in conjunction with these studies will therefore require the identification of the quantity and duration of each operational mode applicable to any specific use case. 
Further, after considering published data from different vendors, an assumption of 6 dB back-off for 8PSK seems to reflect a more common back-off than 3.2 dB as proposed and agreed as a WA in [4]. It is thus proposed to revise this figure to 6 dB, which will then also be aligned with the energy consumption model proposed in this paper.
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