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The Need for Doppler Estimation and Compensation

* One of the key performance-limiting factors in the implementation of LTE-based
airborne telemetry systems is the high Doppler shift experienced by the TA" and
base station transceivers.

Standard LTE systems are not designed for very high Doppler shifts. (They are designed to
handle Doppler shifts for speeds up to 350 kmph.)

At high Doppler shifts, TAs cannot access base stations even at high SNRs.

e Our two-pronged approach to the Doppler Problem:

Proactively directed handovers to preferably connect to base stations that have low Doppler
shifts as well as good SNR; and

Doppler estimation and compensation at the TA. (Needed because proactively directed
handovers cannot completely overcome the Doppler problem.)

e Two possible implementations of Doppler Compensation:
_ Downlink-based — requires indication of desired signal

- Uplink-based — does not require indication of desired signal; exploits the fact that the TA
receiver derives its frequency reference from the DL signal.

"The term “Test Article” refers to the aircraft providing telemetry data. We also use it to
M perspecta refer it to the transceiver through which this data is transmitted.



Addressing high Doppler shifts in Aeronautical Mobile Telemetry (AMT)

— the Appliqué solution
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A Doppler Compensation Appliqué

e Uses the uplink signal transmitted by the TA to estimate the Doppler shift
* Does not need indication of the desired base station

* Operates in a completely asynchronous manner

e (Can be added to any standard LTE User Equipment (UE) device

e Based on COTS Software Defined Radio (SDR) hardware

— FPGA implementation for real-time operation
» Capable of rapid tracking of Doppler for high-speed operation

* |nlab tests, showed residual error of at most a few hundred Hz, well
within the capability of base station receivers.
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The field test setup - ground test
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Appliqué Algorithmic Principles
e Blind detection of data and RACH channels
 Doppler estimation and tracking from either path — automatic switch during handover
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Laboratory flight path emulation

* Reproduce an accurate emulation of an actual flight plan in the lab:

e Two eNBs, one TA: Doppler, Gain, and Distance from eNB calculated from flight plan and
played back in real time
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Appliqué Doppler shift tracking

e Tracking during Handover events
e Computed Doppler generated from GPS readings of the TA
 Measured Doppler estimated and applied at the appliqué
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Appliqué Doppler Testing in the lab - R

e Tracking during varying rates of change of Doppler
e TA fly-over produces S-curve on Doppler
e Highest rate of Doppler change at zero crossing
e Error stays within receiver performance limits
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Conclusion

The viability of Airborne Mobile Telemetry based on 3GPP’s LTE standard is severely
limited by the very high Doppler shifts encountered at the base station receivers.
Lab experiments demonstrated the ability of the Doppler estimator/compensator to
handle Doppler shifts exceeding 4 kHz.

The residual frequency shift is well within the capability of the base station receiver.
Throughout the field test (as well as the lab tests), the appliqué was able to accurately
estimate and compensate for the Doppler shift associated with the serving eNB and
helped maintain the LTE link.
Ground Field Test analysis complicated by several factors:

* Presence of shadowing

* lack of a large number of independent measurements.
Some conclusions can still be drawn from the available data:

* These measurements lead us to believe that for an airborne TA, the path-loss exponent is likely to
be close to its free-space value of 2. (Higher received power levels at similar distances.)

* Often, (per-UE) throughput levels of multiple Mbps were reached. It is reasonable to expect an
airborne TA to attain good LTE throughputs at even significant Doppler shifts.
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