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Proposed replacement for Annex B of the 802.22 Draft 3.0

Annex B (informative)

Multi-carrier Fine Ranging Method

Fine terrestrial ranging enables 802.22 base stations to locate their CPEs. It does this by providing a fine receiver timing alignment, in the order of a nanosecond, amidst multipath propagation, even if the sampling interval of the receiver is around 146 ns (i.e., corresponding to 8/7* 6 MHz). It also provides for detection and acquisition of the channel impulse response representative of the received signal distortion caused by the transmission channel. Such information lies in understanding and processing the arrangement of carriers at reception.

One of the methods to obtain or confirm the geographic location of a device is to estimate the distance between a given device and many other devices with known geographic positions. Figure B1 illustrates the downstream process. The converse is valid in upstream by swapping the BS and CPE roles as transmitters and receivers of the ranging signal. First, a known set of coherent carriers is transmitted in an OFDM symbol. The transmitted symbol then propagates from the transmitter to the receiver through the channel. This convolves the channel characteristics with the set of coherent carriers.
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Figure B1: A transmitter-receiver setup

 
Bandwidth restrictions cause time spreading and blurring of multipath rays but do not affect the precision of the time of arrival of these rays. An extraction of the exact time of arrival of the multipath rays relative to the OFDM symbol sampling time at the receiver (channel impulse response relative to the receiver timing alignment) is done by capturing an OFDM symbol. Once captured, the balance of the process may be done locally at the receiver or remotely, even offline. The captured sample set is processed by performing a Digital Fourier Transform (DFT) which makes it pass from the time domain to the frequency domain. In the frequency domain, all carriers not used for the ranging process are decimated by multiplying them by zero. On the carriers used for ranging, the transmitter’s PN sequence is removed (which modulated the initial transmitted ranging carriers). An IDFT is then applied. To deconvolve the channel characteristics, a correlation function (representing the theoretical perfect channel model including the effect of the filters at the transmit and receive ends) is used to recover the channel impulse response as received.

 

Assume a set of coherent OFDM carriers simultaneously or sequentially sent over the air by the transmitter, located at the transmission origin space-time point. If the receiver, located at the reception destination space-time point, locks to the longest wavelength carrier in the OFDM symbol, the phase difference between the signal at the origin point and the signal at the destination point can be equated to a flight time equal to the propagation time of the signal from the origin to the destination along the medium. (For the moment let's assume a single transmission ray with no multipath.) Even in such a simplistic case, an OFDM receiver will receive with a phase that can be considered arbitrary since there is no reference to which it can be compared at the receiving point. Furthermore, the receiver per se, has no way of knowing the absolute delay between the transmitter and the receiver as the receiver has no knowledge of when the signal it received was transmitted.

 

Transmitting a second carrier with a known phase relationship to the first carrier at a different frequency allows the comparison of phase between the two carriers at the receiver. Assuming that the phase relationship of the signal emitted at transmission time is known, the reception phase warp caused by receive timing misalignment allows one to compute the receiver's time of arrival relative to its sampling time because a given time of arrival relative to the receiver sampling time will cause a predicable and measurable phase difference between these two carriers.

 

Figure B2a depicts an example of sine wave components of an OFDM symbol as emitted by the transmitter with a ¼ cyclic prefix added in front of the symbol to allow absorption of channel multipath to alleviate inter-symbol interference. As a reference in this example, the phase of the subcarriers of the OFDM multiplex at time zero (0) is at zero degrees (0º) as illustrated by f1 and f2, the two first subcarriers of the multiplex. Figure B2b depicts the same symbol components as received by an OFDM receiver, with a timing misalignment. As can be seen on the green reference time line, this introduces a warp by offsetting f1 and f2 by different phase angles. Although the reception alignment error is apparently unknown at the receiver, it can be computed from this offset.

 

Receiver circuits also suffer from unwanted quantization misalignment. For example, with a 2048 sample IFFT in a 6MHz band, samples are taken on a 146 nanosecond clock period. The misalignment of the receiver sampling time will therefore have a quantization step of 146 ns due to the sampling interval. Such misalignment can be fully quantified with precision from the phase relationship between the subcarriers of the OFDM multiplex at reception relative to this relationship at emission. Although the real misalignment may be of a fraction of the sampling clock, this method can precisely compute the sub-quantization misalignment as well as the channel multipath characteristics.
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B2: OFDM subcarriers phase relation ship at transmission and reception

This phase difference, for a given time of arrival relative to the receiver sampling time increases linearly with the difference in frequency between the two carriers. If multiple carriers are used in the transmitted signal, the phase difference is linearly related to their difference in frequency. This is a component of what will be called multicarrier “phase warping” from now on. In a multi-mode propagation scenario where multiple echoes will be generated in the transmission channel (i.e., multipath, channel time spreading), many carriers will be required to resolve these multiple transmission paths and the sum of all the received signals may cause complex and significant amplitude and phase variations from one carrier to the next, which we will hereon refer to as “complex warping” (i.e., a multicarrier phase/amplitude twist or curve in the frequency domain that has developed in the transmission channel and from the receiver sampling time misalignment and the convolution with the channel multipath characteristics from something that would otherwise be ideally be flat).

Such complex warping has been viewed as a nuisance in conventional communication systems, that is an impairment that must be compensated for and eliminated as much as possible. Conventionally, this is done in multicarrier systems by interpolating the variations extracted from known reference pilot carriers in the time and frequency domains and subtracting it from the data carriers. This complex warping "nuisance" is in fact rich with information related to the multipath characteristics of the transmission channel and precise information on the time of arrival of the transmitted signal relative to the receiver sampling time. The fine ranging process capitalizes on the fact that any complex phase/amplitude sensitive receiver apparatus, such as coherent quadrature amplitude demodulators found in OFDM receivers already acquire multi-carrier amplitude and phase with a given resolution. Utilization of such complex warping information, which is normally used to help the receiver to recover the transmitted data can be used to re-establish the precise timing of the received signal relative to the receiver sampling time with minimal hardware addition.

The following example will be used to further illustrate some of the aspects of the operating principles. All the ranging carrier tones are sine waves transmitted with known phase relationship defined by a known, well-chosen PN sequence to minimize the peak-to-average ratio of the transmitted signal while allowing other data to be simultaneously sent over the carriers that are not used for ranging purposes.

Note that the impulse and the chirp waveforms used in conventional radar applications can be modeled as special PN sequences cases of multicarrier waveforms. The impulse corresponds to all carriers being transmitted at the same amplitude and with the same phase (i.e., the PN-sequence in this case is equal to [1 1 1 1 …]). A linear chirp corresponds to the amplitude and phase of the carriers being modulated by other known complex sequences, well documented in public references.

Let f1 be the first carrier and f2 be the second, as per Table B1. The output signal may be decomposed as the sum of approximately 2000 orthogonal waves (Table B1 depicts a few selected carriers). Wave f1 has a longer wavelength than f2 as the wavelength is equal to c/f where c is the speed of light in the example medium (free space); c= 299792458 m/s. This mechanism is invariant, even when the tones are up-converted to a set of RF carrier waves or down-converted to an IF or baseband level, whatever be the RF frequency of the carrier wave set (or channel).

Table B1: Example list of some OFDM carriers

	Carrier/Tone
	Frequency (Hz)
	Wavelength (m)
	15° flight time uncertainty (m)

	f1
	3,000
	99930.819333
	4163.78

	f2
	6,000
	49965.409666
	2081.89

	f4
	12,000
	24982.704833
	1040.95

	f8
	24,000
	12491.352417
	520.47

	f16
	48,000
	6245.676208
	260.24

	f32
	96,000
	3122.838104
	130.12

	f64
	192,000
	1561.419052
	65.06

	f128
	384,000
	780.709526
	32.53

	f256
	768,000
	390.354763
	16.26

	f512
	1,536,000
	195.177382
	8.13

	f102
	2,997,000
	100.030850
	4.17

	f1999
	5,997,000
	49.990404
	2.08


The tones are issued in a coherent fashion as part of an OFDM symbol where the IDFT of the transmitter was instructed to output all tones with a zero phase offset at the beginning of the burst (ignoring the PN sequence modulation at this time for simplicity). (Note: Any tone pair may be used, the tones are selected here for illustrative purposes only, and their phases may be arbitrary, provided their relative emitted phase is known by the transmitter and receiver, i.e., the coherence between carriers referred to above.)

When the receiver locks onto carrier tone f1, it will be able to lock with a phase resolution proportional to it's phase discrimination ability. Let's assume that the receiver apparatus is able to receive QAM-64 symbols, then as per Table B1, it should at least be able to phase lock to the f1 QAM-64 within approximately 15º. This sample 15º uncertainty translates into a large time of arrival uncertainty as depicted in the rightmost column of Table B2. Note that other reception and demodulation modes have different resolution but this in no way denies the warp measurement principles.

Table B2: QAM64 Constellation angle limits (first value is the relative amplitude, second value is the phase angle and the pair of values represents the QAM-64 modulation levels)
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When the receiver receives carrier tone f2, it detects its phase relative to the phase of the carrier f1 (i.e., part of the complex warping) and hence determines by demodulation of these two carriers the precise received timing of these tones relative to the receiver sampling time.

Receiving and demodulating tones with further spectral separation will result in even larger phase differences from the complex warping effect as, for a given misalignment between the timing of the sampling process used to build the analog signal from its digital representation at the transceiver and the timing of the sampling process to convert the received signal from its analog form to its digital representation at the receiver, the phase difference is proportional to the frequency spacing between the carriers (see Figure B2). This permits further refinement to the measurement of the relative timing of the received signal, improving the precision of the timing measurement. The CPE may now transmit back the complex warp information to the BS when requested. The CPE is also asked to transmit a set of reference carriers on the upstream. The BS, upon reception and measurement of the signal, can then establish its own received complex warp and determine the time of arrival of this signal relative to its own sampling time.

The total back and forth flight time can then be determined with high accuracy based on the number of sampling periods lapsed since the transmission of the signal less the number of sampling periods that took the CPE to respond (assuming that the size of the sampling period at both ends is exactly the same, i.e., the terminals are in frequency lock), and corrected by the delays of arrival at both transceivers relative to their respective sampling times from both sets of complex warp information, i.e., that recovered by the receiver in the CPE and that recovered by the receiver in the BS. The reason why flight time may now be computed precisely is because, although the CPE has no knowledge of when the BS transmitted its original signal, the BS does have this information. Since the flight time is the sum of the time from the BS to the CPE and then the response from the CPE to the BS, the resulting uncertainty in this implementation example is half that depicted in Table B1 or approximately 1 meter for a 6 MHz channel bandwidth and QAM-64 demodulation phase resolution.  Note that the time at which the CPE sends its reference upstream burst is known by the BS since it is the BS that determines this time in the upstream map.

When N multiple carriers are used, an equation of N unknowns may be solved. One of these unknowns is the receiver sampling time misalignment that is represented by a linear slope in the frequency domain while channel multipath echos will cause nutations around this slope. Therefore, in theory, N ideally positioned carriers should allow for the resolution of N-1 echo paths in such a multipath environment. 

Other demodulation processes may be used to achieve the same intention. For example, one may elect to use an apparatus where the receiver decodes the incoming signal 'as is' and passes 'whatever' information it acquired from the received carriers on the complex warping back to the signal originator in a timely manner for post processing, thereby allowing the originator to estimate with required or desired precision, the flight time of the carrier tones from the BS to the CPE. In fact, once the information has been acquired, it may be transmitted to one or a network of computing devices that collectively, embody the processing apparatus to extract and arrive at the time of arrival of the signal relative to the sampling time at the receiver and thus to the total flight time of the signal and thus the distance between the transceivers.

The above described ranging function between the BS and one of its CPEs can also be performed with the assistance of third party devices (see Figure B3). As such, the BS may send a command to the first CPE to transmit a ranging burst at a specific time. It may also send a command to another CPE to listen to the first CPE while still being locked to the BS and then send the complex warp information acquired from the first CPE to the BS.  Once the BS has established the ranges with the first CPE and the second CPE using the same method as described above, this new information will allow the system to determine the range between the two CPEs.

The BS then has all the information needed to carry out geometric triangulation calculations for locating itself and these two CPEs relative to each other. By doing this with many CPEs, the BS may build a map of the relative position of these CPEs, whether they are in line-of-sight or not, outdoor or indoor, etc. The BS may also collect additional information that will allow the system to build, amongst others, a multi-dimensional map of the network, the distances between transceivers, the obstacles and terrain effects between these transceivers, multi-path propagation properties of the transmission medium, etc. Given adequate signal processing apparatus, a collectivity of such devices may reveal a valuable signal propagation map and a “radar image” including reflectors, refractors, scatterers, of the medium or of a geographical area in cases where the medium covers a given terrain and this may be enhanced if the devices may transmit or receive with directional discrimination.
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Figure B3: A multiple transmitter-receiver setup

The above process can also be extended to a number of transceivers for which the geolocation is known (waypoints) so that the relative positioning obtained above can be converted into absolute location information. Again, the signal processing element does not need to be located at the transceivers as long as the information on the complex warping captured at each receiver is relayed to one or a network of computation devices where the calculation can be carried out and the precise ranging estimation can be translated into actual location estimation using this information and usual triangulation algorithms.

Practical embodiment of the proposed Multi-carrier Fine Ranging Method

A generic description of the concept of using a QAM-64 demodulator to recover the phase information from each of the OFDM carriers has been described above with the analysis of the complex spectrum warp to extract the time of arrival of the signal relative to the sampling time at the receiver. A more practical embodiment consists in using DFT and IDFT to recover the complex channel impulse response and a high resolution complex prototype function (corresponding to the precise time domain representation of the carrier set used for ranging in the case of the recovery of the OFDM signal from a perfect transmission channel) to carry-out a correlation with the coarser complex channel impulse response to extract the precise time of arrival of the signal relative to the sampling time of the receiver, see Figure B4.
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Figure B4: Practical embodiment of the Multi-carrier Fine Ranging Method

The above ranging can operate in very low SNR situation. It can operate in very high multipath conditions since all the information can be made available to a network ‘server’ where extensive off-line analysis of the channel impulse response collected at the receiver can be carried out to identify the echo that is closest to a line-of-sight condition. The time accuracy of the echo localization is only limited by the channel bandwidth, which will tend to smear echoes that are close to each other (i.e., within n/BW where n is to be determined empirically for different relative echo amplitudes). For more largely separated specular echoes, the accuracy is only limited by the quantization noise of the demodulator used at the receiver (i.e., QPSK, QAM-16, QAM-64, etc.) and the channel SNR. However, repeated ranging and appropriate averaging of the results can allow for significant processing gain by reducing quantization noise. Some residual noise in the channel actually creates a probabilistic situation (dithering) which can be used to take advantage of further processing gain on the quantization resolution on the amplitude and phase measurements made by the demodulation process and thereby, remove some of the limitations imposed by the quantizing process. Two order of magnitude more precision can typically be achieved beyond the size of the sampling period with the generation of an ‘over-defined’ prototype function used for the correlation with the complex channel impulse response.
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