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The following modifications are needed in the Manual on VDL Mode 3 Implementation Aspects to resolve protocol deficiencies and to harmonize the ICAO standards with the RTCA standards to which the avionics vendors have built and are certifying against.

ADVANCE \d70CHAPTER 8.  TIME MAINTENANCE

8.1    INTRODUCTION
8.1.1ADVANCE \r12Because VDL Mode 3 is a time-slotted system, timing is of critical importance. Within a particular user group, the timing of the aircraft radios is slaved to their ground station. The architecture includes sufficient guard time to allow for up to 200 nmi range in the 4-slot configurations and 609 nmi range in the 3-slot configurations. The guard time also includes an allowance for the aircraft radio timing to have an additional error of ±1 symbol period beyond the offset due to propagation delay. If an aircraft radio cannot guarantee such precision, it must initiate special procedures as described in 8.3.

8.1.2ADVANCE \r12In some cases the timing of the ground stations is relatively unimportant. For instance, if all the time slots on a channel are used by a single ground station, then the absolute time of that station, and its timing with respect to other stations, is unimportant. However, in cases where different ground stations share the different time slots on a single frequency channel, the relative timing of the ground stations is critical. Relative time is also important between different ground stations implementing the Handoff Check Message in the 3T configuration.

8.1.3ADVANCE \r12To facilitate the time coordination of ground stations, it is assumed that ground stations can be slaved to an absolute time standard. Universal Coordinated Time (UTC) is an example of such a standard. Because UTC may contain leap seconds, it is not easily usable by VDL Mode 3 as a standard. The standard for VDL Mode 3 will be equivalent to UTC, but without leap seconds. This type of time is used elsewhere. In particular, the Global Positioning System (GPS) uses (internally) a time standard called GPS system time, which was aligned to UTC on 6 January 1980, but is now different by an integral number (12 in August 1997) of omitted leap seconds. A GPS receiver internally calculates GPS system and corrects it to UTC by adding the appropriate number of leap seconds. (The number is part of the GPS navigation message.) 

8.1.4ADVANCE \r12The discussion of GPS should not be construed as a requirement that GPS be used as a time source. The only requirement is to use timing equivalent to GPS system time. In particular, in order to avoid explicit reference to GPS, the standard time reference could be International Atomic Time (TAI). If VDL Mode 3 time is defined as TAI - 19 seconds, it will coincide with GPS system time.


8.2    GROUND STATION TIMING PROCEDURES
8.2.1ADVANCE \r12It is anticipated that an external time source providing “absolute” time to a VDL Mode 3 ground station will provide a timing strobe once per second. It is also assumed that each strobe will be labelled with its time-of-day. Note that since the VDL Mode 3 MAC cycle time is 0.24 seconds, the MAC cycles will “line up” with the one second time strobes only once each 6 seconds. Thus, it was convenient to define the 6-second epoch in Chapter 1, 1.2.2. In an ordinary day (i.e. one without a leap second) there are an integral number of epochs (14 400). To maintain a simple transition at midnight, leap seconds are omitted from VDL Mode 3 system time (as described above). The remainder of this chapter describes a possible way to maintain the time interface between a time source and a VDL Mode 3 ground radio.

8.2.2ADVANCE \r12For convenience all times are measured in units of symbol periods. A MAC cycle is 2 520 symbol periods long. Within a MAC cycle the time when the “centre” of the first symbol of the synchronization sequence of the uplink M channel beacon is transmitted defines the point 0. Thus, the centres of the symbols within a cycle are located in the range -1 260 to +1 259. Note that within a particular radio different units (for example, sample periods) can be used.

8.2.3ADVANCE \r12As stated previously it is assumed that the 1-second strobes are labelled with time of day, which may include hours, minutes, seconds, etc. However, only the “seconds” units really matter. In particular, only the seconds modulo 6 have any significance. Thus, it is assumed that the strobes are labelled with a parameter called Strobe Number (SN) and that: 

0 ( SN ( 5.

Given these definitions it is easy to determine that strobes are expected to be received at times:

TS (expected) = (420 SN + 1 260) mod 2 520 - 1 260.

In practice, the actual strobes may be received at times which differ slightly from the expected times. If TS (actual) is the measured strobe time, then the ground station timing error is given by:

Δ = (TS (actual) - TS (expected) + 1 260) mod 2 520 - 1 260.

An appropriate algorithm to correct such errors needs to be developed. Note that under a normal operating environment the internal clock of the ground station should have an accuracy of 2 parts per million (ppm). Thus, the drift per strobe should be less than 0.02 symbol periods. Ground time should be relatively easy to maintain.

8.2.4ADVANCE \r12If the ground station, which has been configured to receive external time, fails to do so, it should report this failure after five missed strobes. This reporting can occur during routine remote maintenance or by some other means to be determined. At that point the system may (as an option) switch over to an alternate time source, or to an alternate ground site which has good time. In either case, the total time error with respect to TAI should be no greater than one symbol period.


8.3    AIRCRAFT TIMING PROCEDURES
8.3.1ADVANCE \r12Figure 8-1 is a simplified picture illustrating various ways that time can be distributed in the VDL Mode 3 architecture (with emphasis on the upper left aircraft radio in User Group A). The boxes labelled “External Clock” are assumed to be reliable sources of time as described in 8.2. The boxes labelled “Internal Frequency Source/Clock” are assumed to be clocks controlled by the internal oscillators of the radios. The primary path of timing information is from the ground to the aircraft radio via the uplink M channel beacons, as shown. However, the figure shows that there are alternate means of receiving time. (Note that all of these timing signals are uniquely identified by including the synchronization sequence S2*.) These are discussed below.

8.3.2ADVANCE \r12The normal operation of the VDL Mode 3 system assumes that the aircraft radios receive time from the ground stations to which they are “connected.” The timing of an aircraft radio is expected to be delayed with respect to its ground station by an amount equal to R/c, where R is the air-ground range and c is the speed of light. Aircraft radios must maintain this time to within an accuracy of ±1 symbol period (TS).


8.3.3    Coast time counters
8.3.3.1ADVANCE \r12In order to maintain time, the aircraft radios must keep track of three separate counters:

a)
Coast Time Counter 1 (CTC1) is the number of MAC cycles since the last successful reception of an uplink M channel beacon. Thus, whenever a beacon is missed CTC1 is incremented by 1. Otherwise, CTC1 is reset to 0. A successful beacon reception consists of the reception of the synchronization sequence and the Beacon 2 word. The Beacon ID and GSC fields must correspond to the aircraft radio’s net. In order to qualify as a valid beacon signal the beacon must also contain the same information in Beacon 2 and have the same timing (within ±1 symbol period) as the previous beacon signal.
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b)
Coast Time Counter 2 (CTC2) is the number of MAC cycles since the last time the aircraft radio accepted new timing information. This information could come from a beacon reception, but it could also come from the reception of an Alternate Timing Signal (ALT). ALTs are Poll Responses from aircraft radios (except in the 3T configuration) and beacons in slots other than the one controlling the aircraft radio’s User Group. Different User Groups sharing a common channel may be controlled by geographically separated ground stations. However, the separate ground stations will have the same GSC. Aircraft radios will accept the timing information of an ALT only if it obeys certain timing constraints described below in rule b) of 8.3.4.1. If a beacon is not received and if the timing is not updated by an ALT then CTC2 is incremented by 1. Otherwise, CTC2 is reset to zero.

c)
Coast Time Counter 3 (CTC3) is the number of MAC cycles since the last reception of a beacon or any Poll Response whether or not it was used for updating time. If none of the above signal types is received during a MAC cycle, CTC3 is incremented by 1. Otherwise, CTC3 is reset to 0.

8.3.3.2ADVANCE \r12Note that, based on the definitions stated above:

CTC1( CTC2 ( CTC3 ( 0.

Also, note that (in order to avoid a software overflow condition) these counters can cease to be incremented at some level, which is higher than any anticipated threshold (e.g. at 1 023).

8.3.3.3ADVANCE \r12These counters control, among other things, the “timing state” of a particular aircraft radio. There are four operational timing states:

a)
Timing State 0 (TS0). This special state applies to aircraft radios prior to net initialization, and to configuration 3T under certain conditions. In this state an aircraft transmitter cannot transmit.

b)
Timing State 1 (TS1). This is the normal state of VDL Mode 3. In this state an aircraft transmitter can transmit full-length voice messages, data messages, and downlink M channel messages.

c)
Timing State 2 (TS2). This is the truncated voice mode. In this state an aircraft radio can transmit only truncated voice messages. Transmissions of data messages and downlink M channel messages are not permitted.

d)
Timing State 3 (TS3). This is the free-running voice mode, which is the preferred state when there are no ground stations present. Operationally, an aircraft radio will enter TS3 when it determines that there are no ground stations visible to any aircraft within line-of-sight. While in TS3 aircraft radios can transmit full-length voice messages only if there are no pre-existing voice messages on the channel. Transmissions of data messages and downlink M channel messages are not permitted. In TS3, all the aircraft users on a frequency channel coalesce into a single large User Group, i.e. Group IDs in V/D headers are ignored.

8.3.3.4ADVANCE \r12In order to facilitate the efficient use of aircraft radios, it may be advantageous to indicate to the users (by a means to be determined) their current timing states.


8.3.4    Transition rules
8.3.4.1ADVANCE \r12This section will describe the rules whereby the Coast Time Counters (CTCs) are used to control the transitions from one timing state to another and the timing updates using the ALTs. In order to derive these rules certain assumptions about the system parameters were made:

a)
The stability of the aircraft clock is the same as the aircraft frequency stability, i.e. 5 ppm.

b)
The ground stations are normally locked to an external time source. Under very rare circumstances the ground radio may have a timing accuracy equivalent to its frequency stability, i.e. 2 ppm.

c)
An additional source of time error is the movement of the aircraft radio with respect to the ground station. For a Mach 1 aircraft this is 1 ppm. 

d)
One type of ALT is the polling response. In the worst case of a fully loaded 4V configuration, the longest possible polling cycle is 120 MAC cycles (plus some allowance for net entrants).

8.3.4.2ADVANCE \r12The first three assumptions are used to determine the threshold for the transition from TS1 to TS2 and to suggest an appropriate value for the timing update criterion (see below). The fourth assumption is used to suggest an appropriate value for the threshold for the transition from TS2 to TS3.

8.3.4.3ADVANCE \r12Given these assumptions, the following rules for aircraft radios which have already entered a net (and are not in the 3T configuration) can be generated:

a)
When CTC1( t (default =50), a radio will change from TS1 to TS2.

b)
While in TS2, a radio will accept time from an ALT if, and only if,

Tr < Ta + 0.04 ( CTC2 ( Ts.
Here, Ta is the expected time of an ALT as determined by the aircraft radio’s clock; and Tr is the actual time of arrival of the ALT with respect to the aircraft radio’s clock. Ts is a symbol period. If CTC2 is greater than 800, all ALT time updates will be accepted. If the time is updated, CTC2 is reset to 0. 

c)
When CTC3 ( f (default = 250), a radio will change to TS3.

d)
While in TS3, a radio will accept time from any ALT and enter TS2.

e)
Any radio in TS2 or TS3 will immediately revert to TS1 upon reception of a valid beacon signal. Time will be updated to agree with that of the beacon.

Thus, CTC1 and CTC3 control a radio’s timing state whereas the role of CTC2 is to control the timing update mechanism while a radio is in TS2. A “state diagram” based on these rules is shown in Figure 8-2.

8.3.4.3.1ADVANCE \r12Rule a) is based on the time it would take for an aircraft receiver to accumulate a timing error of TS, given the worst-case drift assumptions. The worst case would correspond to the addition of the maximum rates due to the aircraft and ground clocks and the aircraft’s movement (5 ppm + 2 ppm + 1 ppm = 8 ppm).
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8.3.4.3.2ADVANCE \r12Rule b) is designed to allow an aircraft radio to accept time preferentially from sources with the least excess path delay. Thus, a radio will accept time from an ALT only if it appears “earlier” than the time predicted by its own internal clock. The factor with CTC2 is included to allow for the case where an aircraft radio’s clock is fast with respect to the correct time. The net result is that, when there are a number of ALTs available, an aircraft radio will tend to have its time controlled in such a way as to minimize its excess path delay. This will greatly reduce the chance that a radio in TS2 will ever violate its time slot boundaries. 

8.3.4.3.3ADVANCE \r12Rule c) is designed to allow a radio to enter TS3 whenever at least two whole polling cycles have passed without receiving any poll responses. It is considered very unlikely that this will occur unless the ground station has ceased to poll its aircraft radios. The only reason a ground station would cease polling is if it were inoperable. Under this condition, TS3 is the preferred state.

8.3.4.3.4ADVANCE \r12Rule d) is designed to ensure that if there is any evidence that at least one ground station (on channel) within line of sight is operable, all radios in the area will be in TS1 or TS2, ensuring that time slot boundaries are respected.

8.3.4.3.5ADVANCE \r12Rule e) ensures that radios will return to TS1 as quickly as possible whenever the appropriate ground timing is available.


8.3.5    Special rules for net initialization
8.3.5.1ADVANCE \r12Radios which have not yet entered a net have some special considerations when uplink beacons are not available. Such radios can be considered to be in a special timing state, called TS0, where transmission is not allowed. Radios in this state have no information as to the local configuration of the system, and they initially have no information as to why beacon signals are not available. The ground station could be operating but out of line of sight, or the ground station could be inoperable. To deal with this uncertainty, the following rule applies. The aircraft radio will not transmit until one of the following happens:

a)
The radio receives a valid beacon signal. In this case the word “valid” signifies that the information in Beacon 2 is the same and the timing is the same (within ±1 symbol period) as the last successful beacon reception. In this case the radio will enter TS1 and proceed to net entry if desired.

b)
The radio receives an ALT. The ALT will contain enough information (see Chapter 3, 3.5) to tell the aircraft radio whether the local configuration is a 3-slot or 4-slot configuration. With this information the radio can enter TS2 and determine the correct time for transmitting truncated voice messages.

c)
The radio’s CTC3 counter reaches the value f.  In this case the radio enters TS3. In order to shorten the time it takes to reach TS3 under these circumstances, the CTCn are initially set to max(f-50,t) at the onset of link establishment. Using the default values of f=250 and t=50 gives 200 as the starting value of CTCn. In this case an aircraft radio will enter TS3 in 12 seconds when no beacon is present.

8.3.5.2ADVANCE \r12Note that if a radio enters TS2 or TS3 in this way, it does not have an opportunity to complete net entry. The net entry procedure can be completed only after successful reception of uplink beacon signals begins. Note also that, except in the case of radio start-up, the user always has the option to return to the previous net if ground connectivity with the next net is not achieved quickly.


8.3.6    Truncated voice mode
8.3.6.1ADVANCE \r12For all configurations (except 3T) the aircraft radios enter the truncated voice mode whenever they are in TS2. To accommodate this condition of increased timing uncertainty, the V/D (voice) bursts are shortened by 32 symbol periods. These shortened bursts are shifted by 16 symbol periods in order to provide more guard time, enhancing the probability that the aircraft transmissions will obey slot boundaries.

8.3.6.2ADVANCE \r12To allow for the shortened bursts of the truncated voice mode, the effective vocoder bit rate must be reduced from 4800 bps to 4000 bps. This will be accomplished by adjusting the vocoder clock rate so that there is one 96-bit vocoder frame per 24 ms. Thus, there will be five such frames per TDMA frame. The number of bits per TDMA frame is five times 96, or 480. 

8.3.6.3ADVANCE \r12It is assumed that a particular transmission will adopt the voice mode applicable at the activation of PTT, which will remain constant for that PTT event. If the timing state should change during a particular transmission, the voice mode will temporarily remain unchanged until EOM. Nevertheless, the vocoder must be able to switch from one rate to the other on a slot-by-slot basis to account for the possibility that a voice message in one mode is quickly replaced by a voice message in the other.


8.3.7    3T configuration
8.3.7.1ADVANCE \r12The 3T configuration is a rather special case vis-à-vis ground timing. For 3T all communications, including voice, are scheduled by the ground station. Thus, TS2 is of little or no value in 3T. When CTC1 exceeds the threshold of 50, the radio enters TS0 and all aircraft transmission ceases until CTC3 exceeds 250 and the aircraft radios enter TS3. This will create a potentially long gap when voice transmission is not allowed. It is assumed that this is acceptable in a sector governed by a configuration such as 3T, which treats voice and data more equally than other configurations. In other words, it is expected that 3T will only be used where data is the primary means of communication and voice is a back-up mode.

8.3.7.2ADVANCE \r12Note that in 3T there are no valid ALTs since there are no alternative uplink M channel beacons and the Poll Responses are identified as not being suitable for timing (see 2.4). However, the Poll Responses do serve to reset CTC3 to zero whenever they are received. A potential net entrant entering into a 3T area will never have the opportunity to enter via TS2 since no ALTs are available. It will either enter normally in TS1 or go directly to TS3 after waiting up to one minute.


8.3.8    Squelch windows
The squelch windows for aircraft radios in TS1 were discussed briefly in 4.3. To account for the numerous possibilities encompassed by the different timing states and configurations, the squelch windows for voice communications are summarized in Tables 8-1 and 8-2. The columns indicate the state of the receiving radio, and the rows indicate the type of voice message being received. The windows are measured in symbol periods relative to the time when the receiving radio would have transmitted its own voice message.


8.3.9    Scenarios
To clarify how the proposed timing rules will work, three possible “lost timing” scenarios are considered.

a)
Single lost radio. In this scenario a single aircraft radio in a user group loses connectivity with the ground station due to some type of adverse propagation condition. All (or most) other users remain connected. In this case the lost radio will coast for 12 seconds and then enter TS2, the truncated voice mode. While in this mode, it can maintain voice communication with some of the other aircraft radios. It will also receive poll responses from some of the radios. The radio will update its timing based on the “closest” relay radios available. (Closest connotes, in this case, radios which are most nearly in line with the ground radio and the lost radio. These will have the smallest excess path delay.) This will, with very high probability, keep the truncated voice transmissions within their proper time slot boundaries. Also, the quasiperiodic reception of ALTs will keep the lost radio from ever entering TS3. In most cases, the lost radio will eventually re-establish its connection with the ground. Reception of the ground beacon will reset all CTCs to zero and send the radio into TS1.

b)
Massive Ground Failure. In this scenario the ground station and all possible back-ups fail simultaneously. When this happens, the CTC1’s of all aircraft radios will begin to increment once per cycle. After 12 seconds all the radios will enter TS2. Also, all CTC3 counters will continue to increment. After about 60 seconds, all the radios will enter TS3 and all user groups will coalesce into one large user group. At no time is air-to-air voice communication prevented. Also, if and when the ground stations are operable and begin transmitting beacons, the aircraft radios will all return to TS1.

c)
Oceanic. In this case, which might apply over the ocean or in any area with no ground infrastructure, there are never any beacon signals. The only correct timing state is TS3. In this case any entering radio will wait 12 seconds for its CTC3 to reach 250, and it will then remain in TS3 indefinitely.


8.3.10    Dummy poll responses
8.3.10.1ADVANCE \r12The overall system timing architecture relies on air-to-air time transfer provided by quasiperiodic Poll Responses. In particular, the CTC3 thresholds for entering TS3 are determined based on assumptions concerning typical polling cycle times. However, there exist certain configurations in which polling may not be implemented. These configurations are the voice-only configurations:  4V, 3V, 3S and 2S1X. If a ground radio in one of these configurations does not support polling, it will transmit the value 61 in the Aircraft ID (Poll) field of its uplink M channel message. This informs the aircraft radios that discrete addressing is not supported.

8.3.10.2ADVANCE \r12In order to support the time transfer architecture, aircraft radios must transmit “Poll Responses” even though they are never actually polled (except possibly for certain aircraft radios which are placed in a passive, listen-only mode). To accomplish this, an aircraft radio will transmit dummy Poll Responses using the value 61 in the Aircraft ID field. It will transmit them in MAC cycles chosen by the following algorithm:

8.3.10.3ADVANCE \r12Immediately after entering TS1, after determining that the uplink Beacon contains Aircraft ID = 61, divide all further MAC cycles into groups of 25. Within each group, choose one MAC cycle at random in which to transmit a dummy Poll Response. Continue to transmit dummy Poll Responses for as long as the aircraft radio remains in TS1.

Table 8-1. Source filtering squelch window matrix for 4-slot configurations
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	Aircraft Receiver State Squelch Window (Note 1)
	Ground Receiver State Squelch Window (Note 1)

	State

Message Type
	TS1

(Note 2)
	TS2

(Note 2, Note 3)
	TS3

(Note 5)
	N/A
(Note 2)

	Uplink voice
	-1 to +1
	-33 to +1
	Wide Open
	N/A

	Downlink voice: TS1
	-2 to +4(n+1)
	-34 to +4(n+1)
	Wide Open
	-1 to +(4n+3)

	Downlink voice: TS2
	-2 to +4(n+9)
	-34 to +4(n+9)
	Wide Open
	-1 to +(4n+35)

	Downlink voice: TS3
	Wide Open

(Note 4)
	Wide Open

(Note 4)
	Wide Open
	Wide Open

(Note 4)

	Note 1.— Each squelch window is defined relative to the nominal burst time in symbols.

Note 2.— n = Squelch Window parameter.

Note 3.— If n is unknown, then the default value is 6.

Note 4.— Receive any such message with “correct” Group ID if not already receiving a voice message.

Note 5.— In this column, “Wide Open” implies that an aircraft radio will receive any voice message, without regard to Group ID.


Table 8-2. Source filtering squelch window matrix for 3-slot configurations
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	Aircraft Receiver State Squelch Window (Note 1)
	Ground Receiver State Squelch Window (Note 1)

	State

Message Type
	TS1

(Note 2)
	TS2

(Note 2, Note 3)
	TS3

(Note 5)
	N/A
(Note 2)

	Uplink voice
	-1 to +1
	-33 to +1
	Wide Open
	N/A

	Downlink voice: TS1
	-2 to +8(n+1)
	-34 to +8(n+1)
	Wide Open
	-1 to +(8n+7)

	Downlink voice: TS2
	-2 to +8(n+5)
	-34 to +8(n+5)
	Wide Open
	-1 to +(8n+39)

	Downlink voice: TS3
	Wide Open

(Note 4)
	Wide Open

(Note 4)
	Wide Open
	Wide Open

(Note 4)

	Note 1.— Each squelch window is defined relative to the nominal burst time in symbols.

Note 2.— n = Squelch Window parameter.

Note 3.— If n is unknown, then the default value is 7.

Note 4.— Receive any such message with “correct” Group ID if not already receiving a voice message.

Note 5.— In this column, “Wide Open” implies that an aircraft radio will receive any voice message, without regard to Group ID.


8.3.10.4ADVANCE \r12Analysis and simulation have shown that, unless the number of aircraft radios is extremely large, the probability that at least one MAC cycle out of 25 contains one and only one dummy Poll Response is very close to 1. In other words, this algorithm will, with very high probability, provide an interference free dummy poll response at least once per 25 MAC cycles (i.e. once per epoch). Since the threshold for entering TS3 is 250 MAC cycles, the likelihood of proper operation should be quite high. 


8.4    SUMMARY
8.4.1ADVANCE \r12This chapter has described a set of very simple rules, based on the reception of timing information available on the M channel, which will successfully guide aircraft radios among the possible timing states. The same simple rules apply to every system configuration and can successfully cope with any type of air-ground connectivity scenario, including the complete absence of any ground infrastructure. All of the rules governing time maintenance are summarized in the flow chart shown in Figure 8-3. (Note that the boxes with rounded edges come into play only in the 3T configuration.)

8.4.2ADVANCE \r12Note also that an aircraft radio attempting net initialization first sets counter CTC 1 to at least 50. This prevents the radio from entering TS1 until it receives a valid beacon. The box labelled “Beacon Changed” indicates that a beacon is considered valid only if the information in the Beacon 2 word is unchanged from the last successful reception of the beacon. In order to be valid the timing of the beacon message must also be within ±1 symbol period of the last received beacon. This means that an initializing radio cannot enter TS1 (and proceed to net entry) until it has received two beacons. Also, any change to a beacon or beacon timing will be confirmed before taking effect.

8.4.3ADVANCE \r12Finally, note that the nominal waiting time for a radio attempting net initialization to enter TS3 is reduced substantially by resetting the default CTC3 to a nonzero value in the rectangular box at the top of Figure 8-3.
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