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Introduction
Comments 87, 140, 174, and 175 [2] addressed Clause 6.8.9 in [1], in particular the imprecise definition of the link quality indicator (“LQI”).  The Original text is repeated below:

“The LQI measurement is a characterization of the strength and/or quality of a received beacon frame. The measurement may be implemented using receiver energy detection (ED), a signal-to-noise ratio estimation, or a combination of these methods. The use of the LQI result by the higher layers is not specified in this standard.

The LQI measurement shall be performed for each received beacon frame, and the result shall be reported to the MAC sublayer using the PD-DATA.indication primitive (6.2.1.3) as an integer ranging from 0x00 to 0xff. The minimum and maximum LQI values (0x00 and 0xff) should be associated with the lowest and highest quality beacon signals detectable by the receiver, and LQI values in between should be uniformly distributed between these two limits. At least eight unique values of LQI shall be used.”
Note no actual implementation of the LQI is specified, though several methods are suggested.  Since higher layers may be accepting messages from beacon devices built by several different manufacturers, it is clear that a consistent indicator is required.  One such indicator is proposed here, along with actionable text for consideration of inclusion in the draft.

Discussion

After despreading, the receiver has QPSK symbols of arbitrary rotation corrupted by noise and possibly multipath distortion or a frequency offset.  The phase difference between successive symbols carries the desired information for a noncoherent system.  This phase difference can be determined by multiplying the current symbol by the conjugate of the previous symbol and retaining the phase of the product:
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The purpose of the LQI is to reflect the received signal quality.  Error vector magnitude (“EVM”) is a natural choice of a metric, since this reflects the variance of the signal around the estimated constellation point.  However, some demodulator embodiments may operate only on the phase of the signal, and adding the two-dimensional processing required to determine EVM may pose an additional burden.

The method proposed here relies only on the phase of the differential signal.  Figure 1 shows the constellation of a DQPSK signal sk as well as the constellation of the differential Δk for a 12.5 dB input SNR.  As can be seen, the spread of the variance of the differential signal Δk is greater than the variance of the DQPSK signal sk as expected.  Figure 2 shows the theortetical conditional probability density of the phase ( sk for one DQPSK symbol p(( | θ = 0) and the density of the normalized (rotated to 0°) phase difference (k between two successive symbols.  Note that the tails of the differential density (red) are just starting to cross over the decision boundaries at ±π / 4.
The proposed metric uses the mean of the absolute value of the phase deviations from the ideal constellation points.  For high SNR or a channel with low distortion, the spread of samples around the differential constellation points will be small, and the absolute phase errors will also be small.  For a poor SNR or a distorted channel, the spread of values around the differential constellation points will be much larger, and the absolute phase errors will also be larger (hence a larger metric value).  At some point, the differential constellation points are so smeared out that the absolute value of the phase distribution becomes nearly uniform over 0 to π / 4.  At this point, the mean of the absolute value should take on the theoretical value of (π / 4)/2 = π /8 ≈ 0.393.
[image: image2.emf]
Figure 1.  Constellation for a DQPSK signal sk (blue) and the differential signal Δk (red) for 12.5 dB input SNR.
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Figure 2.  Theoretical probability densities for the phase of the signal sk (blue) and the differential signal Δk (red) for 12.5 dB input SNR.

Figure 3 shows the simulated mean of the absolute value of the phase deviations from 
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versus input SNR.  As can be seen here, the phase estimator starts breaking from the SNR line around 8 dB and saturates at the π /8 value for SNR values less than about 3 dB.  Note these are symbol SNRs, which are after despreading.  Figure 4 shows the relationship between the phase estimator and the error vector magnitude of the input, which again breaks from the straight line approximation around 8 dB symbol SNR (-1 dB chip SNR).  As can be seen in the figure, a second line can be added to extend the approximation to 3 dB symbol SNR (-6 dB chip SNR).  EVM values worse than this cannot be extracted because the estimator saturates.
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Figure 3.  Simulated mean of the absolute value of the phase errors.  There were 10k symbols per input SNR point.
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Figure 4.
Simulated mean of the absolute value of the phase error vs. EVM (defined as 
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).  The estimator departs from the straight line approximation for EVM > 0.4, or SNR less than about 8 dB.  A second line can be used to extend the approximation up to EVM = 0.7, about 3 dB SNR.
Proposed Text

Since the next higher layer is the layer that uses the LQI to make decisions, it is here proposed that the TG1 device itself only quantize the estimated phase error between 0 and π / 8.  Any extension to estimates of EVM or SNR, if needed, can be made in the next higher layer.  For this metric, a low value (near 0) corresponds to a high quality link, while a larger value (near π / 8) corresponds to a very bad link.  Since this metric will be used to characterize TG1 device intercommunication, chip SNR values less than about 5 dB in a Gaussian channel are starting to get pretty unreliable for the uncoded MSF2 packet (10% PER happens around 3.5 dB chip input SNR for AWGN, 12.5 dB symbol SNR, or metric value around 0.2 from Figure 3).  Thus, the lower half of the range of the metric corresponds to “good” channels (PER < 10% in AWGN), while the upper half corresponds to “poor” channels (PER > 10% in AWGN).  Note that when the channel is getting bad, it may be unlikely that CRC2 or CRC3 will pass, and the MAC frame may not always be reported to the NHL anyway (see [1], clause 7.4.4).
<<Note for editor: in clause 6.8.9, make the following changes, with deletions marked as “strikethrough” and insertions as “underscore” :>>

The LQI measurement is a characterization of the strength and/or quality of a received beacon frame. The measurement may be implemented using receiver energy detection (ED), a signal-to-noise ratio estimation, or a combination of these methods. The use of the LQI result by the higher layers is not specified in this standard.

The LQI measurement shall use the average of the absolute value of the radian phase error from each received differential phase symbol spanning a single frame.  The range of the measurement will be between 0 and 0.4, with 0 correponding to a very good channel and 0.4 corresponding to a very bad channel.  The resolution of the measurement shall be 1/256 of the range.

The LQI measurement shall be performed for each received beacon frame, and the result shall be reported to the MAC sublayer using the PD-DATA.indication primitive (6.2.1.3) as an integer ranging from 0x00 to 0xff. The minimum and maximum LQI values (0x00 and 0xff) should be associated respectively with the lowesthighest and highest lowest quality beacon signals detectable by the receiver, and LQI values in between should be uniformly distributed between these two limits. At least eight unique values of LQI shall be used.
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Abstract


Clause 6.8.9 in [1] was unspecific in its definition of a link quality indicator.  This was noted in several comments [2] in letter ballot #2.  This submission proposes a specific definition for the link quality indicator and provides background as justification.
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