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Introduction
At GERAN#62, a new SI [1] was approved to study cellular support for ultra-low complexity and low throughput IoT.  At GERAN#63, Simulations Assumptions to be used for modelling the performance of candidate Cellular IoT solutions were proposed and some of the assumptions were agreed [2].
One of the outstanding items in [2] for which further study was considered to be required is “Frequency error”. This relates to the frequency error model that should be applied to the uplink transmissions from the MS in order to simulate base station receiver performance and hence determine the uplink link budget for each candidate technology.
The purpose of this paper is to propose a model for uplink frequency errors, composed of a component that is candidate technology specific and other components that are common assumptions. The common assumptions relate to aspects that depend on the stability of the local MS frequency reference.
The uplink frequency error model is of interest because it may have some impact on uplink performance. This is because at high coverage extension the uplink transmissions become quite long in duration, and therefore, depending on the methods used for achieving processing gain, phase changes due to frequency errors can influence performance. Furthermore, ultra-low cost Cellular IoT modules are likely to use low cost frequency references and will also need to be physically small for many applications, and this could have some impact.
Proposed frequency error model
It is assumed that the MS estimates its frequency error relative to the downlink transmissions from the base station, and uses this estimate to compensate the frequency of the uplink transmissions. Therefore, there are three sources of error associated with the uplink transmission frequency relative to the downlink transmissions (excluding Doppler, as that is part of the channel model):
1. MS receiver estimation errors of downlink frequency. This frequency error estimate is subject to inaccuracies especially at low SNR. 
2. MS frequency reference drift during the time interval from the end of the last downlink reception that is used for frequency estimation and the start of the uplink transmission. 
3. MS frequency reference drift during the uplink transmission.
We propose that error source (1) should be regarded as candidate technology specific, because it depends on the exact provisions within the air interface to allow frequency error estimation at the MS receiver. However, the variance of this error source needs to be assessed at worst case SNR, and should be declared for each candidate technology.
Error sources (2) and (3) depend on the MS local frequency reference, for example low frequency phase noise and temperature stability. We propose that these error sources should be modelled as Common Assumptions so that candidate technologies may be compared on an equivalent basis.
Proposal 1
We propose that the frequency offset F_offset(t) at time t relative to the start of an uplink transmission is modelled as follows:
F_offset(t) = F_est_error + (F_drift_inactive *T_inactive)  + (F_drift_active * t)
where:
· F_est_error (Hz) is the candidate technology specific estimation error of the downlink frequency error, which should be declared for each candidate technology
· F_drift_inactive (Hz/sec) represents the frequency drift rate during the interval between the end of the last downlink reception used for frequency error estimation and the start of the uplink transmission
· T_inactive (sec) is the time interval between the end of the last downlink reception used for frequency error estimation and the start of the uplink transmission
· F_drift_active (Hz/sec) is the frequency drift rate during the uplink transmission
The linear model for frequency drift is obviously a simplification of the actual thermal transients on an IoT module and the consequent impact on a frequency reference, but nonetheless it is more realistic than assuming a constant frequency error over each packet. 
Note that T_inactive may be relatively short if the MS chooses to refine its frequency error estimate using downlink receptions close to the start of the uplink transmission. It is also noted that some refinements of the proposed frequency error model may be necessary according to the exact air interface definition used by a candidate technology.
Measurement results
Two different sub-1 GHz radio transceiver modules were put into a low duty cycle test mode in which they transmitted CW for 4 seconds followed by 60 seconds of idle (to allow the module to return to approximately ambient temperature). The output signal from the transmitter was captured as I/Q samples, and converted to a frequency offset, referenced to the frequency at the start of each transmission.
Figure 1 and Figure 2 show the measured transmitter frequency offset from the two test modules. In each case there are multiple traces overlaid, corresponding to different periods of transmitter activity, each referenced to the frequency at the start of that transmission.
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[bookmark: _Ref398652531]Figure 1: Frequency drift over time during uplink tranmission for module 1
[image: ]
[bookmark: _Ref399234811]Figure 2: Frequency drift over time during uplink transmission for module 2
The characteristics of the test modules are summarized in Table 1.
	
	Module 1
	Module 2

	Carrier frequency 
	450 MHz
	900 MHz

	Output power
	+27 dBm
	+29 dBm

	PA efficiency for CW transmission
	~40%
	~40%

	Physical size of module
	40 x 20 mm
	32 x 22 mm

	Distance from PA to TCXO
	13 mm
	10 mm

	TCXO part number
	TXC7Q 40MHz
	TXC7L 40MHz
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Table 1: Characteristics of test modules
Proposed model parameters
The results from the test modules indicate a frequency drift rate while the transmitter is active of around 0.02 ppm/sec. So for operation at 900 MHz, this corresponds to a drift rate at the carrier frequency of about 20 Hz/sec during continuous transmission. When the transmitter is inactive, the drift rate is likely to be significantly lower, but some drift is still expected due to thermal transients arising from prior reception or transmission periods.
Higher transmit powers than are used in the test modules are likely to result in higher frequency drift rates. Also, lower cost temperature compensated frequency references than the TCXOs used on the test modules may result in higher drift rates. Therefore, in the following proposals, a 25% margin has been incorporated within the specified drift rates.
Furthermore, in the following proposals, the polarity (sign) of the drift rate is chosen randomly for each simulated uplink packet. This is intended to reflect the complex characteristics of XO temperature compensation circuitry, and also to avoid a receiver simulation making assumptions about the drift rate polarity that may not hold for real implementations.
Proposal 2
During periods when the MS transmitter is active, we propose a frequency drift rate, F_drift_active, of 0.025 ppm/sec, when using a temperature compensated frequency reference. Furthermore, the polarity (sign) of the drift rate should be selected randomly for each simulated uplink packet (so where a packet is composed of many repetitions, the polarity should be the same for each repetition).


Proposal 3
During periods when the MS transmitter is inactive, we propose a frequency drift rate, F_drift_inactive, of 0.010 ppm/sec, when using a temperature compensated frequency reference. Furthermore, the polarity (sign) of the drift rate should be selected randomly for each simulated uplink packet.
It is noted that some refinements of the frequency error model may be appropriate according to the exact air interface definition for each candidate technology. For example, a refinement might be needed if the uplink repetitions are non-contiguous. In such cases, it is proposed that any adaptations to the basic frequency error model are declared. 
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