Issues with BEM measurements on LTE800 base stations
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	Summary
The recent ECC Recommendation on Block Edge Mask (BEM) measurements calls for additional annexes to describe the procedure in detail using specific systems as examples. It is planned to develop an annex for LTE800 base stations. However, the actual measurement procedure is very difficult and not commonly agreed yet due to the complex structure of the LTE800 downlink signal. This document describes the difficulties one faces when trying to measure BEM compliance under normal working conditions of the base station as well as different solutions to overcome these issues.  


	Proposal
FM22 is invited to study the material after their spring meeting 2012 among experts in the administrations. It may then be feasible to agree on a common solution for the BEM compliance measurement of LTE800 base stations and develop an annex to the Draft New Recommendation on BEM measurements at the autumn meeting 2012.


	Background
FM22 work programme



1. Introduction, background
FM PT22 is currently developing a Draft New Recommendation on off-air Block Edge Mask (BEM) compliance measurements. The main body describes general aspects of these measurements whereas it is planned to provide separate annexes dealing with the detailed procedure and issues regarding particular radio systems. It is the intention of FM22 to develop one annex on BEM measurements of LTE800 base stations.

Due to the complexity and particulars of the LTE800 downlink signal structure the actual measurement procedure is not commonly agreed yet. The intention of this document is to describe the difficulties one faces when trying to measure BEM compliance under normal working conditions of the base station as well as different solutions to deal with these issues. 

2. Structure of the LTE downlink signal

LTE uses OFDM modulation of the main carrier. Hence the (ideal) spectrum is rectangular in shape. The bandwidth of the signal is the frequency difference of the outmost subcarriers.

In the majority of OFDM systems the user data, even if multiple logical channels are transmitted, is randomly spread over all available subcarriers. This results in a constant number of subcarriers, all being transmitted with equal power.
To serve different users in a most flexible way, LTE800 uses Orthogonal Frequency Division Multiple Access (OFDMA). This multiplex method allocates the data from logical channels (e. g. for different users) to only a certain number of subcarriers and for a specific duration. The allocation ’unit’ for a logical channel is called a Resource Block (RB). In the LTE downlink signal a Resource Block consists of 12 subcarriers, each spaced at 15 kHz, for the duration of 0.5 ms (called a “slot”). The modulation of the subcarriers in a RB as well as their power depends on the data rate to be transmitted and the reception quality at the user equipment. 
Regarding the RF spectrum, this results in the following effects:
1. The momentary bandwidth of the signal is changing in time. 

2. The subcarriers may have different amplitudes, therefore the RF energy is not evenly spread over the bandwidth (the spectrum shape is not rectangular).

3. The signal is pulsed with variable pulse and pause lengths.

The assigned bandwidths for LTE800 may have certain values from 1.25 to 20 MHz. The following part of this document uses a 10 MHz wide LTE signal as an example.
Apart from the RBs for user data, there are certain logical channels containing information about the frame structure and organisation and allowing synchronisation of the user equipment (UE). The RBs carrying these logical channels are always transmitted, regardless of the traffic load.


Figure 1: Time/frequency structure of an LTE radio frame

The length of an OFDM symbol is 71.3 µs (66 2/3 µs for the useful part and approx. 4,69 µs for the normal cyclic prefix).

During user data transmission the principle spectrum of the resulting signal looks as follows:

Figure 2: Schematic LTE spectrum during user data transmission

The broadcast and synchronisation channels are always transmitted with maximum power using the inner 1.1 MHz bandwidth, whereas the power of the user data subcarriers is scaled according to the reception quality reported from the UE.
During the burst where the control channels and reference signals are transmitted the principle spectrum of the resulting signal may look as follows:


Figure 3: Schematic LTE spectrum during control channel transmission (example)
Part of the control channels (the PDCCH) are only transmitted when necessary. The resulting spectrum is not rectangular. The power of the individual logical channels is different and some groups of subcarriers may be off.
3. LTE800 Block Edge Mask
The main purpose of a Block edge Mask (BEM) is to ensure that radio services in adjacent frequency blocks are not interfered by out-of-band or spurious emissions. These out-of-block limits are often defined as absolute effective radiated power levels (EIRP) in a certain reference bandwidth.

In our example from Germany, the LTE800 base station BEM is illustrated in the following figure:

Figure 4: Graphical illustration of the LTE800 base station BEM in Germany

*) the permissible level in the DVB-T channels depend on the local situation according to the following table:

	case
	At a total radiated power (EIRP) of the LTE- Base Station P
	Maximum permitted radiated power (EIRP) 
below 790 MHz

	A) Channel 60 is locally used
	P ≥ 59 dBm
	0 dBm

	
	44 dBm ≥ P > 59 dBm
	(P - 59) dBm

	
	P < 44 dBm
	-15 dBm

	B) Channel 60 is used and special local conditions apply 
	P ≥ 59 dBm
	10 dBm

	
	44 dBm ≥ P > 59 dBm
	(P – 49) dBm

	
	P < 44 dBm
	-5 dBm

	C) Channel 60 not locally used
	(all power classes)
	22 dBm


Table 1: Emission limits for LTE800 BS in the TV band below 790 MHz, referenced to 8 MHz bandwidth
Due to the partly absolute and partly relative frequency reference for the BEM some ranges may overlap. This raises the question which limit applies. 

Example: The centre frequency of an LTE block is 796 MHz. With the bandwidth of 10 MHz, the lower ’edge’ of the block is 796-5=791 MHz. The permissible out-of-block level for the first 5 MHz from the left block edge (22 dBm in 5 MHz bandwidth, see Figure 4) would then be applicable for the frequency range 786 to 791 MHz. However, according to Table 1, the maximum level for frequencies up to 790 MHz would be 0 dBm (for case A and an LTE power of 59 dBm) and in the Guard band 790-791 MHz it would be 17.4 dBm in 1 MHz bandwidth. It has to be defined by the regulator which of the these limits actually applies for the overlapping frequency range 786 to 791 MHz.
Apart from the reference bandwidth, the detector and/or integration time also has to be specified when defining a BEM (see the following section for detailed information on the importance of this issue).

4. Issues when measuring LTE800 BEM compliance

4.1. General

For the purpose of monitoring services, compliance with the BEM is usually measured off-air, although the general approach is the same when performing a conducted measurement at the transmitter output. 

In any case, the actual measurement is a scan of the frequency range in question, resulting in a spectrum (inside the assigned channel and in adjacent blocks) that is compared to a spectrum mask formed according to the definitions of the BEM. Because of the absolute sideband levels and their dependency on the total EIRP of the LTE station, the limits given in Figure 4 and Table 1 have to be transformed into the relative levels of a spectrum mask. This transformation can be done considering

· the total reception level in the assigned channel

· the spectral density of the sideband emissions in the measurement bandwidth

The detailed process is described in the main body of the Draft Recommendation.

4.2. Test modes

During the acceptance tests of the base station’s manufacturer, the sideband emissions of an LTE base station also have to be measured. For these measurements, the station is operated in so-called test modes. These modes are specifically defined to test certain specifications and behaviour of the device under test. For BEM compliance, the test modes E-TM1.1 and E-TM1.2 are defined in ETSI TS 136 141 where the station fills all RBs with traffic and operates at its maximum output power. It is assumed that the level of sideband emissions will also be at maximum.

Discussions are ongoing whether the BEM compliance measurements done by monitoring stations also require switching the station to such a test mode. While the results achieved this way will certainly be easily reproducible, the following problems may arise:

· During the measurement, the normal service of the base station will be suspended. Monitoring services aren’t always in a legal position to enforce the operator to disconnect the station from its service network for measurements.

· Experience shows that the sideband emissions are likely to be at maximum especially during drastic changes in the spectral shape of the signal such as the beginning and end of bursts and symbol transitions. In so far, the test mode may not produce maximum sideband levels.

· All transmitter related test models consist of a sequence that repeats every 10 ms (i.e., one radio frame) and disables some features that will usually be enabled during real-life operating conditions.

Especially when the sideband emissions of an LTE800 base station are suspected to be the cause of interference to adjacent radio services, it is important to measure the momentary maximum sideband level of the station, regardless of whether it is higher or lower than it would be when transmitting non-realistic test modes. Test modes can never encompass all states possible for the base station, especially because no user interaction can be taken into account. In such a case, the sideband levels measured in the factory acceptance test may not be so relevant.

4.3. Measuring the maximum power of the LTE station

If the BEM measurement has to be done during normal working conditions, we cannot assume that the maximum possible power is ever transmitted by the LTE base station. However, the (relative) spectrum mask depends on the maximum inband EIRP.
The suggested solution works on the assumption that the sideband emission level is at least relative to the actual inband power, i. e. if the momentary inband power raises by 5 dB (due to power control and user traffic), the level of the sideband emissions will also rise by at least 5 dB. This assumption is rather pessimistic because in fact the sideband emissions are likely to rise in a nonlinear fashion. This approach will therefore rather underestimate the sideband level and never overestimate it. 
Applying this solution, the maximum actual level in 10 MHz bandwidth (example) forms the power reference for the spectrum mask. This first measurement has to be done at a receiving location inside the main beam of the transmitter with an unobstructed, line-of-sight reception path. The actual BEM measurement may then be done at an optimized receiving location that offers not only high reception level but also good suppression of other transmitters operating on adjacent channels, because here we only need to measure relative sideband levels.

4.4. Measurement bandwidth

As seen in Figure 4, the LTE800 BEM uses different, usually quite broad reference bandwidths. The measurement filters of analyzers and receivers are not rectangular in shape. In spectrum analyzers, they typically are Gaussian-like. If we would use a measurement filter that has the same nominal bandwidth as the reference bandwidth, a lot of energy from adjacent frequencies (i. e. outside the nominal bandwidth) would also fall inside the filter and compromise the result. 

The suggested solution is to measure the spectrum with a much smaller bandwidth and integrate the measured power densities over the reference bandwidth in each section of the BEM. Then, the results of these integrations are compared to the (relative) limits of the normalized BEM. Thus, the limits given by the BEM are interpreted as channel powers over the channel bandwidth used by the service to be protected (i.e., 8 MHz for DTTV).
Example: The following trace was recorded with a measurement bandwidth (RBW) of 100 kHz.

Figure 5: Example of comparing measured spectrum against the BEM limits
The example in Figure 5 checks compliance in a BEM section that is not wider than the reference bandwidth itself, namely 5 MHz. In this case, there is only one calculated sideband level in the block 801 to 806 MHz.
For BEM sections that are wider than the reference bandwidth, a decision has to be made about the integration procedure. As en example we look at the BEM-section 821 – 832 MHz, which has a reference bandwidth of 1 MHz and a limit of 15 dBm.

The first evaluation strategy is as follows: the section is separated into 11 portions of 1 MHz each. Each of the resulting 11 channel power values are compared against the limit value.

The second possibility is to slide the channel power’s integration window (1 MHz wide) in narrower steps. This means that BEM compliance is not only resolved at 11 unique channels but in any 1 MHz slice inside the BEM section. The measurement bandwidth may be 100 kHz with a frequency stepping of 50 kHz. The sideband level is calculated by integration of the measured levels over a range of 1 MHz, starting at 821.5 MHz (block edge + half the reference bandwidth), and repeating this integration process every 50 kHz.


Figure 6: Integration procedure for block sections wider than the reference bandwidth, sliding window method. The curly braces indicate the integration window’s position
4.5. Measurement detector

Usually all powers (EIRP as well as spectral power density) are measured using an RMS detector. However, the BEM definition usually states that the limits given must not be exceeded at any time. Without specifying how the levels should be measured this could be a contradiction: the second statement calls for a peak detector, but this would make it difficult to reference the BEM to the EIRP stated in the definition which is always meant to be RMS. The main problem is that the peak-to-average ratio (PAPR) of the useful LTE signal may not be the same as in the OoB domain and can’t be assumed constant over time. Furthermore, a PAPR measurement implies a measurement of both peak and RMS-power.
Experience shows that the highest level of sideband emissions typically occurs during the time when the modulation symbols change, and only for a very short period of time. The peak detector would always show only these short maxima. If we would use these peak samples for the integration process according to section 4.3, we would also have to reference the BEM to peak values measured in the assigned channel. The result would overestimate the sideband emission level because the peaks within the wanted channel occur far more often as the peaks during symbol transitions in the OoB domain.

To avoid this problem, the measurement both in the assigned channel and in the OoB domain would have to be made with an RMS detector. However, it is clear that we want to measure only during active bursts and not integrate over the pauses. Measuring only during active bursts usually requires triggering and sparing out the pauses. This raises the question of the correct integration time for the RMS detector.

Using a gated trigger as suggested in the current Draft Recommendation usually does not work because the weak sideband level far off the assigned channel is likely to be in the range of the system noise. In this case the trigger would never be fired. It is therefore necessary to trigger the measurement receiver/analyzer externally, either through a frequency stable generator or using a second receiver tuned to the assigned channel that is triggered by the main signal.

Since the bursts have different lengths and the shortest time base during which the transmit power stays constant is one OFDM symbol, it is suggested to select this time (71.3 µs) also as the integration time for the RMS detector.

Even though these issues make the actual measurement quite complex, it seems to be the most accurate method possible, unless the base station could be set to a special test mode where it continuously transmits all RBs with maximum power.
4.6. Measurement timing

As mentioned above, the maximum sideband emissions can be expected 

· when the total transmit power is at maximum

· during symbol changes

If the BEM measurement should be done during normal operation of the base station, we have to determine the exact time when the actual transmit power is at maximum. Because of the ever changing number of active subcarriers with dynamic levels, the symbol with maximum power is not easy to predict. The following figure illustrates the difficulties faced when determining the symbol with maximum power. It shows a so-called spectrogram of a 10 MHz LTE signal. The frequency is shown on the x-axis (12 MHz span), the time is on the y-axis (6 ms), and the spectral level (in 30 kHz bandwidth) is shown as colours (temperature scale; the hotter the colour, the higher the level).
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Figure 7: spectrogram of an LTE downlink signal under working conditions
It can be seen that the broadcast channel (area around ‘MR’) has the highest spectral level. The RBs with user data (’1’ and ’2’) have different, but mostly lower levels. The maximum total power, however, occurs in the topmost burst (3), although it contains no broadcast channel. Still we cannot trigger on the power occurring at this burst, because in the next radio frame, that user may have different receiving conditions or another user is scheduled to receive data at that time, so that the respected RBs may be reduced in power, and the trigger won’t be fired again.
One suggested solution is to trigger on the first symbol of a sub-frame (symbol 1 in Figure 1). This symbol carries several control channels and the reference symbols which already use many subcarriers over the whole bandwidth. Therefore it is likely to produce a high total signal power. Although being reproducible, this method does not guarantee measurement of the symbol with highest signal power resp. the highest OOB-emission because that may only occur randomly when a lot of subcarriers are used for user traffic. 

Furthermore, if the integration time of the RMS detector is the symbol duration as suggested in section 4.4, the symbol transitions are not covered. However, in Figure 7, it can be seen that the peaks of the sideband emissions occur exactly during that transition time (area ’4’).
An alternative solution works without triggering at all. The RMS levels on a certain frequency in the OoB domain are measured multiple times, but at least for the duration of one radio frame using the symbol length as the detector’s integration time. Then, we take the RMS sample with the highest level, discard all others, and move on to the next frequency. When using a spectrum analyzer, this can be achieved by setting the sweep time in zero span to number of sweep points * symbol length. The following figure shows the result with a spectrum analyzer that has 501 sweep points. Using the RMS detector gives us a trace that consists of 501 RMS samples for each sweep. If the sweep time is set to 501*71.3µs = 35.72 ms, then each of the trace points is an RMS value integrated over one symbol length. The whole trace represents 3.572 radio frames in terms of time.

[image: image3]
Figure 8: Untriggered zero span recording in MaxHold and ClearWrite. The LTE centre frequency was 796 MHz
The ClearWrite trace shows that the maximum is not always captured during any 501 samples. Therefore, the MaxHold trace shows the same measurement but is very likely to capture the maximum sideband emission (Marker 1). Note that the level at Marker 1 is not the momentary peak level that would be shown with the peak detector. It is still an RMS value, integrated over 71.3 µs, but the highest one that occurred during the MaxHold time.
This approach has the following advantages over the triggered method which only measures certain symbols:

· It is more likely to capture the symbol with the highest sideband emissions, no matter whether it occurs regularly or not.
· It also captures sideband emissions during symbol transitions but still measures RMS levels and not instantaneous peaks.
· It is much simpler to perform and does not need a second receiver or trigger generator

It may be argued, however, that the untriggered method overestimates the influence of sideband emissions during symbol transitions due to the relatively short RMS integration time. However, this time cannot be longer because the symbol following the measurement start may already be ’empty’, i. e. we could start to integrate into a signal pause.

A second issue when performing this method off-air is the influence of external interfering signals (’man made noise’) such as pulses from nearby electrical devices. These pulses will be captured with high probability and cannot be separated from the LTE station’s signal. 
5. Conclusion

The issues discussed above show that the measurement of LTE800 base stations BEM is far from being trivial. Some of the problems raised are still under discussion in Germany. More experience with these measurements has to be gained and more laboratory trials have to be made before a common consensus is reached.
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* ECC policy is that in general all documents should be publicly available unless the author of the document requires that it be restricted to ECC family participants only. 
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