Attachment No. 4


(Section 2.0)


2.0	IS-95-based CDMA Alternative





2.1	Introduction





This appendix presents a potential implementation of NEXCOM using technology based upon IS-95 terrestrial cellular Code Division Multiple Access (CDMA).  This presentation should not be construed to be direction to solve technical problems in the ways illustrated, but rather as a reference example, or “notional architecture” which may help to better communicate NEXCOM requirements to vendors of commercial cellular technologies, or to provide insights into the issues associated with using such technologies in an aeronautical environment to meet the needs of air traffic services communications. The treatment is that of an overview--minimal  detail is provided on the IS-95 CDMA system, and the focus is on the potential application of this cellular technology to the aeronautical operational environment. We also presume a basic familiarity with direct-sequence spread spectrum CDMA (and IS-95) systems, and so terms such as processing gain, power control, and control channels are used without explicit definition.  


In Section 2, we briefly describe how the commercial IS-95 CDMA system would operate, and also indicate where modifications are required to support the use of IS-95 in the aeronautical environment.  Subsequently, in Section 3 we describe a “notional architecture” for the use of IS-95-based CDMA in NEXCOM.  This consists of a description of the fully-deployed “final” system, system operations, and possible transition strategies from the current analog AM system.  We attempt to provide justification for the proposed architecture and operational methods, and also attempt to identify the key features uncovered by study of this alternative.  Finally, in Section 4, we list key issues and questions that must be addressed by the vendor of an IS-95-based system.





2.2	Applicability of IS-95 to NEXCOM





	Translating the IS-95 cellular system to the aeronautical environment of NEXCOM is, conceptually, straightforward.  The simplest approach would be to use as much of the IS-95 cellular system technology as possible (preserving bandwidths, FEC, waveform characteristics, etc.).  The current aeronautical environment is partitioned into sectors in three spatial dimensions.  Each sector is assigned a fixed frequency in the VHF band for air-to-ground (AG), ground-to-air (GA), and air-to-air (AA) communication.  The current analog AM system is simplex, with pilots and controllers accessing a channel via a “listen before push-to-talk” (LBPTT) manual protocol.  The aeronautical environment can be viewed as an extension of the typical (two-dimensional) cellular enviroment into three dimensions.  The assignment of frequencies to sectors can be replaced with the assignment of CDMA spreading codes to sectors.  Each sector will thus be assigned a pair of spreading codes, one for the forward (uplink) direction and one for the reverse (downlink) direction, and pilots will “tune” their radios to the appropriate code as they enter a sector, just as in the current system radios are tuned to sector frequencies.  This use of codes is different from that in IS-95 (where, because of longer message durations, i.e., telephone calls, a code is dedicated to a user for the call duration), but does not appear to create any difficulties given the use of the listen before push-to-talk (LBPTT) protocol.  The ground site radios can be used like cellular base stations, with a single base serving many aeronautical sectors.


	Use of IS-95 like systems in the aeronautical VHF band requires modifications to the transmit and receive front-ends to reduce the operating frequencies from the 800-900 MHz used commercially.  While this appears straight forward, the frequency separation between forward and reverse channels would be less, requiring the use of filters able to provide the necessary rejection with a smaller offset.


	Another modification required of IS-95 in order to apply it to the aeronautical environment is the incorporation of an AM mode.  This is required for emergency communication, which will need to remain AM for an indefinite period, and so that aircraft can communicate in airspaces which have not converted to CDMA.  Given that many (if not all) current IS-95 cellular phones have a default FM mode, in order to be able to operate in unconverted AMPS service areas, design of an AM module should be technically straight forward.  Since the AM system is simplex, use of AM will also require the RF design be made able to receive and transmit on the same freequency.


Data transmissions would be carried by the main CDMA traffic channels.  The IS-95 system is essentially packet-oriented, with packets or frames of duration 20 ms containing either digitized voice or data.  The traffic type can be varied on a frame by frame basis, so that low rate data could be essentially time-multiplexed with voice transmissions.  Alternatively, depending on the overall required data rate, several CDMA channels (per sector) could be dedicated to data transmission only.  The number and signature sequences of these dedicated data channels could either be known in advance, or broadcast from the ground sites over the sync channel, or on one of the paging channels used as a dedicated broadcast channel.


	Direct air-to-air communication without the presence of a ground site will require modification to the IS-95 system, since this type of direct user to user communication is not provided in the cellular system.  In subsequent sections we address this.


	Finally, the IS-95 technologies would need to be aviation certified.  This would require both that CDMA aviation waveform and operation standards be developed and approved, and that the technology be made suitable (robust, redundant, etc.) for the aircraft and ground site environments.


		


2.3	Notional Architecture for NEXCOM based on IS-95





	In this section, we describe the overall architecture of a NEXCOM system based upon IS-95.  We describe what a “final” or “end state” system might entail, briefly describe some of the key features of system operation, describe several possible transitions from the current system, and provide some justification for the  approaches used in this example.  We also address the critical features and issues that must be addressed if an IS-95 based system were to be used for NEXCOM.





2.3.1  “End State” System





	The final, or “end state” NEXCOM system based upon IS-95 would contain equipment similar to that in the current system in terms of the physical system components.  Ground sites would be distributed throughout the United States, with each serving the “local” airspace.  These ground sites would be connected to control facilities via land lines, just as the current system ground sites are.  Back-up ground sites would be installed for increased reliability, just as in the current system.  In areas of high sector density, fewer ground sites than in the current system would be required because of the capability of a single IS-95 base station to serve many circuits.  In areas where large (often high altitude) sectors exist (such that all aircraft cannot be reached by a single ground site), additional ground sites would be required, as in the current system.  Figure 2.3.1-1 illustrates the notional architecture.
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Figure 2.3.1-1.  The components of the notional CDMA architecture supporting multiple sectors.





	The airborne  portion of the IS-95-based system would also resemble the current system avionics.  A single transceiver would be required in each aircraft.  This transceiver would consist of modules that would provide the following functions: IS-95 baseband reverse channel transmitter, IS-95 baseband forward channel receiver, possibly an IS-95 baseband reverse channel receiver, for reception of air-to-air transmissions, an AM module for use of AM in unconverted airspaces or for use of the AM emergency channel, RF hardware for conversion from baseband to/from VHF, and the associated control software and processors for running the system.  The forward channel receiver could be a multi-channel receiver, to enable simultaneous reception of several channels (e.g., broadcast, main sector “traffic”, data, etc.).  A diagram of a potential transceiver is given in Figure 2.3.1-2.  In this figure, the shaded blocks represent completely new circuits, and the dotted boxes denote application specific integrated circuits from a cellular CDMA vendor.  The functions of each block are also listed.





�


Figure 2.3.1-2.  Block diagram of possible avionics transceiver.





For operation in the earonautical VHF band, the IS-95 based system would need to fit within the existing VHF allocation.  A potential scheme for this is shown in Figure 2.3.1-3.  Because of the quantization of the VHF band allocated for air traffic control services, only five IS-95-sized channel sets can fit.  Each channel set consists of a forward and reverse channel pair, with reverse channels designated rn, and forward channels designated fn, n = 1, 2, 3, 4, 5.  Due to transmitter/receiver self-interference, it is unlikely that the two channels r5 and f1 could be used at the same transceiver.  This would reduce the number of IS-95 based CDMA channel sets to four (again, only at a single transceiver).  The CDMA band that lies “atop” the AM emergency channel at 121.5 MHz could be avoided; if avoidance were impossible, the CDMA center frequency might be adjusted slightly so that the CDMA spectral notch appeared at 121.5 MHz.  If  these remedies were not possible, a fixed notch filter could be employed at all CDMA transmitters, to allow AM operation at 121.5 MHz.  A fixed filter could be optimized for this application.
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Figure 2.3.1-3.  Possible partition of the VHF band for CDMA system using IS-95-sized channels.





The current AM system supports “party-line” communication, in which all aircraft tuned to the same frequency are able to hear one another’s transmissions, and in addition the transmissions of the controller using that frequency.  Party line is required of the NEXCOM system as well.  The simplest way to offer this feature with an IS-95 based system is to re-broadcast all aircraft-to-ground site transmissions back from the ground site base to the sector in the GA direction.  This feature is not currently provided in IS-95, but the operation of such a system based on IS-95 was demonstrated by a cellular CDMA vendor for the U.S. government in 1996.  An illustration of the party line approach is given in Figure 2.3.1-4.





�


Figure 2.3.1-4.  Illustration of party line communication via rebroadcast.





	Another requirement of the NEXCOM system is the provision of direct air-to-air communication.  This is required, for example, when an aircraft is out of range of a ground site, and controller instructions must be relayed from an aircraft nearby which can receive the ground site transmissions.  One way to achieve this function is via the incorporation of reverse channel receivers in the aircraft transceivers.  CDMA cellular vendors offer reverse channel receivers as integrated circuit chips, so the basic functionality exists, as noted in Figure X.2 (denoted the cell station modem).  With both reverse and forward channel receivers in the aircraft, each aircraft would be able to receive both ground site and aircraft transmissions.  Out of range aircraft could use a dedicated code in a given geographic area for communication to other aircraft; the aircraft reverse channel receivers would be tuned to this code, and have a squelch circuit to reduce the noise on this circuit.  To use this dedicated code, the aircraft would need some timing information as well.  This could be provided in several ways, for example, via GPS, or an onboard clock reference.  Alternatively, the unique sector code could be used, and provision could be made for the reverse channel receivers to accept the rebroadcast message as first priority instead of the direct air-to-air received message; for out of range aircraft, no rebroadcast message would exist, so the reverse channel receiver would then accept the direct air-to-air message.  An issue involved with this use of the reverse channel is the classic “near-far” problem of asynchronous CDMA.  Specifically, if several planes were transmitting simultaneously on the reverse channel, their signals would be received at a receiving aircraft at different power levels, and if the power levels were different enough, only the stronger signal would be heard.  Some solution to this problem will thus be required if this mode of operation for direct air-to-air communication is used.  The direct air-to-air communication scenario is depicted in Figure 2.3.1-5, and the steps involved in communication from the out of range aircraft to the ground site are listed.


For communication over oceanic areas, where no ground sites are possible, the above method could be used.  Alternatives to this method are described in the discussion section.
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Figure 2.3.1-5.  Illustration of direct air-to-air communication for message relay.  Communication from “out of range” aircraft to ground site is described.








2.3.2 System Operation


	


In this subsection we describe system operations.  As noted in the previous subsection, the basic system elements are the ground sites (IS-95-based CDMA base stations) and the aeronautical radios (IS-95-based CDMA transceivers).  The ground sites would be connected to control facilities via land lines, just as in the current system.


The system is used by pilots and controllers much like the current system is used.  When a controller is assigned a particular sector, that controller communicates with all aircraft within the sector.  A listen before push-to-talk protocol is used, with all aircraft sharing the assigned CDMA code for that sector.  The aircraft transmissions are rebroadcast on the forward channel, after demodulation and remodulation, so that the forward channel contains controller transmissions as well as aircraft transmissions.  These rebroadcast transmissions are time-multiplexed with the controller transmissions, and of course incur a slight demodulation/queueing/remodulation delay.  The exact value of the delay is determined by the 20 ms deinterleaver and interleaver loading/unloading times, by how much the controller is talking, and to a negligible degree by propagation delays.  


Entry into a sector is also achieved in a manner similar to the current system.  Handoff between controllers can be accomplished by a message exchange between controller and pilot, with the pilot “re-tuning” to the new code as the aircraft enters a new sector.  (As with other alternatives this “re-tuning” can be facilitated by ground and airborne automation.)


Broadcast of messages by the controller is accomplished through the normal use of the code channel assigned to a sector.  For area-wide broadcasts, a dedicated code could be used.  Aircraft receivers could easily be made to monitor several forward CDMA channels.  Multiple sectors can be controlled in the same fashion as in the current system, by assigning the same spreading code to multiple adjacent sectors, just as the current system assigns the same frequency channel to multiple adjacent sectors. Through the ground switching system it is possible to enable a designated controller to have air/ground preemptive capability over another controller sharing the same channel. Override of a specific aircraft’s transmission can be effected by selectively addressing a desired aircraft on a data channel and commanding its transmission to cease, followed by the ground transmission, or by selectively not rebroadcasting the aircraft’s transmission from the ground site.  The CDMA system could also provide the ability for controllers to “discontinue” any aircraft’s transmission (the “stuck microphone” problem) by specified, highly robust commands (made robust by extra error-control and other techniques). Data transmissions can be either pilot/controller initiated, or, for some types of data, could be automatically initiated, acknowledged, and processed.


Flight service transmissions can use CDMA, or the default AM mode for communications to and from pilots.  All communication operations would take place in the same manner as with “normal” air traffic control communications.


	We now briefly describe an example series of communication events for an aircraft in several phases of flight, with emphasis on how the CDMA system would operate.  Before takeoff, pilot and controller would exchange messages while the aircraft is still on the ground.  This would be done over the CDMA code(s) allocated to the airport ground area, exactly as is currently done using the assigned AM frequencies.  After takeoff, pilot and controller will continue to communicate over the assigned code.  Once the aircraft nears the boundary of this “takeoff”  sector,  the controller will advise the pilot to “tune” to the next code for the sector the aircraft is about to enter, and give the pilot the usual information about the next sector, controller, etc.  The radio is then “tuned” to the next code, and the pilot and “new” controller exchange messages, and continue to communicate over the assigned code, using the LBPTT protocol to share with other aircraft in the sector.  The aircraft pilot hears the other aircraft transmissions via the rebroadcast from the ground site.  It also hears any broadcast messages from the ground site, and any emergency messages on the AM channel.  Audio from the aircraft’s reverse channel receiver should be disabled by the detection of re-broadcast signals from the base-station.  If reverse channel reception is not followed within a maximum delay interval by notice of a rebroadcast, the reverse channel audio is enabled for direct air-air reception.   If the radio is tuned to a channel used in unconverted airspace, that channel identifier  will automatically cause the radio to revert to its AM mode, and operate as in the current system.  Handoffs take place as the aircraft exits and enters sectors throughout its flight, and ultimately, communication is established with a controller at its destination.





2.3.3 Transition to the System





	Before the end state system can be reached, there will be a transition period.  During this period, both AM and the NEXCOM system will be in use in many areas.  Thus, the NEXCOM system has to be engineered to co-exist with the AM system during the transition period.  There are several possible strategies that can be used.  The two options we discuss are as follows:





1. band clearing or use of non-VHF AM spectrum


2. overlay of CDMA onto the VHF AM band





Option 1 is the most straightforward in terms of the new system, in that it will have dedicated spectrum and very little outside-system interference.  The disadvantage to this option is that, for IS-95 based CDMA, two blocks of approximately 1.25 MHz each will have to be cleared.  This would entail moving the frequencies of many existing AM ground site transceivers, which may prove difficult or impossible.  If dedicated non-VHF spectrum is used, there are essentially no disadvantages other than the design of new RF avionics and ground site RF equipment, both of which are required of the CDMA system in any case, and some additional cost for new RF avionics in the non-VHF band. 


	Option 2 takes advantage of the interference rejection property of direct sequence spread spectrum transmission, as overlay allows simultaneous operation of both AM and CDMA at the same time in the same band.  No AM frequencies would have to be changed, and AM frequencies would be “phased out” as CDMA channels were added.  The difficulty with this approach is that, because of the large values of AM transmit power currently used, the AM interference to CDMA is large enough to be detrimental, in spite of the processing gain advantage of CDMA.  (This large AM interference power would also cause the CDMA dynamic power control to increase CDMA transmit power, which would in turn present a large amount of CDMA interference into the AM system.)  Initial analysis indicates that adaptive interference cancelling would likely be required at both the CDMA transmitters and receivers, both for ground site and aircraft radios.  While this is technically feasible, interference cancelling is not provided in the commercial cellular system, and would thus require research and development.  


	


2.3.4 Discussion





	The description of the IS-95 based CDMA alternative presented above is based upon studies conducted on the applicability of IS-95 to the aeronautical environment.  While these studies are not comprehensive, they provide insight into the issues that arose in considering IS-95 based CDMA.  


For many of the features, alternative methods could have been chosen.  For example, for direct air-to-air communication, we proposed the use of reverse channel receivers in aircraft, tuned to the sector code or a known “out of range” aircraft code.  Possible problems with this approach were mentioned.  Alternatively, the out of range aircraft could use forward channel transmitters.  The problem with this method is that these out of range aircraft could then cause significant interference to nearby aircraft in other sectors, since their “forward channel” transmissions could conceivably be stronger, as received by a nearby-sector aircraft, than the signal received from the nearby sector’s ground site (essentially, another example of the classic CDMA near-far problem).  Another possible means of providing direct air-to-air communication is the use of AM as a default mode.  This method may in fact be preferable, at least in terms of aircraft transceiver complexity. The advantage of using AM as a default mode for direct air-to-air communication is the potential for essentially keeping operations identical to the current system for this mode.  The disadvantage is that AM/CDMA intersystem interference must be minimized so that both systems function according to requirements.  If the AM and CDMA systems are not overlaid, i.e., they are in separate bands, this approach may be optimum.


	Yet another consideration, which also applies to the direct air-to-air communication requirement when all communicating aircraft are out of range of a ground site (e.g., oceanic areas), is the possibility of a hybrid system, where IS-95 based CDMA is used in some areas and some other system(s) is (are) used in other areas.  For example, in oceanic areas, mobile satellite system services could be used.


	Most of the methods previously described should be viewed as a “first draft” attempt at modifying the IS-95 system to fit the requirements of NEXCOM while minimizing the cost of modifications and redevelopment. The system as described here appears to fit all the major NEXCOM requirements. 


	Also worth noting is that ground sites might be located away from airports, on commercial (e.g., cellular) communication sites.  This would alleviate inter-system interference during the transition period, and might be appropriate if the communication facilities are leased from a commercial provider.


	


2.3.5 Critical Features and Issues





The primary technical issues in the use of an IS-95 based system for NEXCOM are the provision of party-line and direct air-to-air communications, and transition from the current system.  The provision of party-line and direct air-to-air communications appear to be solvable at some cost.  Accomplishing the transition from AM to CDMA, in the current VHF spectrum, will likely require interference cancelling in the CDMA system.  While technically feasible, interference cancelling is not present in the commercial IS-95 system, and will thus require research, development, and testing, and could prove a significant challenge if more than a few, relatively large power (AM) interferers must be cancelled.  However, the primary decision drivers on the use of this alternative may be non technical.


	The most critical feature for use of IS-95 based CDMA technology in the aeronautical environment could be cost.  There will be some amount of non-recurring engineering (NRE) costs for modification of the aircraft and ground site transceivers.  Terrestrial cellular base stations are generally quite complex and expensive, partly because the mobile terminals are designed to be inexpensive in order to attract customers.  The mobile terminal costs are kept as low as possible by large scale integration of electronics and very high production volumes (millions).  For the aeronautical application, these large volumes will not be required, and thus terminal cost may be a significant issue.


	Another critical issue with an IS-95 based CDMA solution for NEXCOM is standardization.  Acceptance of a standard is typically a lengthy process. International standardization could possibly expedite the acceptance by the aviation community.








�PAGE  �








CDMA Architecture	      Page � PAGE �9� of  9	10/16/97





CDMA Architecture	Page � PAGE �1� of  9	10/16/97











