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Duplexing Methods

Duplexing between up- and downlink can be either in time (Time Division Duplexing, or TDD) or frequency (Frequency Division Duplexing, or FDD).  Neither method is endorsed here; rather, the limitations of each method are discussed for the VHF/UHF spectrum and expected deployment assuming the reference system design.  There are both system-level and radio-level tradeoffs to be considered.

Systems Tradeoffs

The most often cited system’s attributes of TDD are flexible asymmetry (the ratio of capacity in the up and down link) and simplified frequency planning (single vs. paired) in limited spectrum.  Both of these aspects are considered in more detail in the following sections.  

Flexible Asymmetry 

The flexible asymmetry advantage for TDD comes from the ability to partition, as needed, the ratio of time (and hence capacity) allocated to up and down links, making efficient use of limited spectral resources.  FDD is not as flexible under asymmetric demand.  Typically, FDD has one TV channel completely allocated to downlink, and one channel to uplink, assuming that the duplexing is not within a single TV channel.
  For example, a portion of the capacity of the uplink TV channel cannot easily be “borrowed” from the uplink to temporarily increase the capacity of the downlink for FDD, while such “borrowing” is common practice in TDD systems.  

Capacity Considerations

In terms of total capacity, fair comparisons can only be made considering at least two TV channels, the assumed minimum required to support FDD.  FDD can deliver the full capacity of one channel for the downlink and one channel for the uplink.  With flexible asymmetry and one TV channel, TDD can deliver up to the full capacity of one channel in either the up- or downlink, but not both.  

If a TDD system bonded two adjacent TV channels together, it could get the same up and down capacity as the two-channel FDD system and twice the peak up or down capacity with flexible up/down partitioning.  However, because of the proposed limited EIRP for this spectrum, TDD would require spreading that limited power over two channels.
  For a fixed receive power P at fringe conditions for a given EIRP and path loss (for either FDD or TDD), the theoretical capacity for TV channel bandwidth B for the FDD and TDD downlink would be 

CFDD = B ∙ log2 (1 + P/(B∙N0))

CTDD = 0.5 ∙ 2B ∙ log2 (1 + P/(2B∙N0))

where the factor of 0.5 for TDD is for nominal, or equal up/downlink, partitioning, since this would be the operating condition for FDD.  The ratio of CFDD to CTDD is then

CFDD / CTDD = log2(1 + P/(B∙N0))/log2(1 + P/(2B∙N0)).

This is plotted versus P/(B∙N0) (or FDD signal to noise ratio S/N) in Figure X.  As can be seen in this figure, though TDD has twice the bandwidth (but half the time), at low S/N the theoretical capacity advantage goes to FDD.  For very high S/N (>>10), the capacity ratio tends to a value of 1, giving equal capacity in strong signal conditions.  Therefore, assuming the limited maximum EIRP applies for channel bonding, FDD has the capacity advantage for fringe customers under fair bandwidth and symmetry comparisons.  Note that if P could be doubled in the CTDD equation (if power density was limited rather than maximum EIRP), then nominal (or 50/50) CTDD = CFDD.
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Figure X.  Plot of theoretical CFDD/CTDD versus signal to noise ratio assuming 50/50 partitioning of the TDD resource and limited EIRP under channel bonding.

The peak capacity of TDD versus FDD at fringe conditions would require removing the 0.5 factor from CTDD (since the entire communications resource is now allocated to either the up- or downlink), which would divide the curve in Figure X by a factor of 2.  In this case the EIRP-limited ratio would be between 0.85 and 0.67 for the range of P/BNo shown, giving the one-way peak capacity advantage to TDD.  For P/BNo >>10, this curve would tend to a value of 0.5, that is, the strong signal peak capacity of FDD is 0.5 that of TDD, as mentioned above.  If power density is limited rather than maximum EIRP, then the peak capacity ratio is 0.5 for all values of P/BNo.
Capacity Reductions

For very large cell sizes as are anticipated for equipment adhering to this standard, TDD suffers from the requirement to wait for the most distant CPE to respond.  For example, in a 40 km cell, a transmission from the base station takes 133 usec to reach the most distant CPE, and the CPE’s response is delayed another 133 usec.  To illustrate the impact,

· Assume tpacket = 500 usec and Rmax = 40 km

· tone-way = 133 usec one-way delay

· Downlink transmission occurs from t = 0 to 500 usec

· The downlink packet arrives at the CPE from t = 133 to 633 usec

· The CPE takes 10 usec to turn around from R to T, then transmits from t = 643 to 1143 usec

· The uplink packet arrives at the base station 776 to 1276 usec

It takes 1276 usec for 1000 usec of communication.  The capacity of the channel is reduced to 2 x 500 usec / 1276 usec = 79% due to propagation time.
    FDD would not suffer this reduction since a CPE can begin transmitting while it is still receiving, but there is still some capacity reduction due to the minimum required frequency gap between transmit and receive channels, which depends on the duplexer filter order/physical size/cost but not the cell size.  By applying timing advance techniques, the FDD CPE’s outgoing transmission could be scheduled to arrive at the base station shortly after the end of the base station’s transmission.  For the above example, when the downlink packet arrives at t = 133 usec, the uplink packet would be scheduled to commence at t = 500 usec – 133 usec + 10 usec (turn around time) = 377 usec, arriving at the base station at t = 510 usec.  To maintain this efficiency, FDD packets that are longer than the roundtrip propagation delay must be used, or their scheduling must be known a priori.  Timing advance for the individual CPEs could be learned by the system since the CPEs are assumed fixed.

If a TDD base station is servicing multiple customers in a frame structure, the downlink and uplink packets can be grouped together.  In this way, timing advance can be used without a CPE having to transmit over its receive packet.  For example, if there are 10 CPEs serviced in a standard frame (or some combination of multi-slot CPEs using 10 total slots), the first 10 slots of the frame are downlink slots, lasting from t = 0 to t = 5 msec for 500 usec slots.  The last 10 slots are uplink slots.  CPE #1 would schedule its uplink slot to start at t = 5 msec – 133 usec – 10 usec = 4.857 msec, so that it would arrive at the base station 10 usec (assumed T-to-R turn around time for base station) after the last downlink slot was transmitted.  This removes the efficiency hit due to propagation time, but can complicate flexible asymmetry.  The drawback to this approach is that the CPE #1 and CPE #10 might be neighbors, in which case CPE #1 could begin transmitting on-frequency (at t = 4.857 msec) while the CPE #10 is still receiving (until t = 5.133 msec), thereby impacting its reception.  This could be avoided by adding a one-way propagation delay buffer between the downlink and uplink slot groupings, in which case CPE #1 would not commence transmitting until all other CPEs had finished receiving their packets.  There is still an efficiency reduction as before, but it is now much smaller (for this example, it would be 2 x 5 msec / (2 x 5 msec + 2 x 133 usec) = 97.4%).  This topic of CPEs potentially interfering with each other serves as a convenient segue into the next section addressing frequency planning.
Frequency Planning

Generally TDD is considered to have the advantage over FDD in frequency planning because there is no need to arrange paired spectrum.  This is an advantage for single operator or even single cell systems, but the advantage for TDD can disappear if there are multiple operators/cells.  This is because, if the different base stations are not synchronized in their up/down times, one neighbor could be transmitting on e.g. channel 8 while another neighbor is receiving on channel 9 (and vice versa), thereby impacting sensitivity due to adjacent channel interference.   Likewise, unsynchronized TDD base stations can interfere with each other, and though they are likely farther apart, they could have better visibility of each other because of their height and hence reduced path loss.  

However, this argument can also be applied to FDD systems in unlicensed spectrum.  Generally, licensed FDD systems (e.g. cellular, PCS) have their downlink frequencies in one grouping of channels, and their uplink frequencies in another grouping; this would not necessarily be the case for unlicensed spectrum.  For example, FDD system #1 might use channel 40 for downlink and channel 30 for uplink, while neighboring FDD system #2 uses channel 31 for downlink and channel 41 for uplink.  If the T/R split and assignment are not “synchronized” between systems, then adjacent channel interference can result as for the TDD system example.  

Since cognitive abilities are assumed of these systems, channel observations should aid in avoidance of such objectionable combinations by directing a potentially interfering second unlicensed system to establish itself on a different channel or set of channels in a manner that respects coexistence.  However, if the opportunities are limited and certain channel combinations are less desirable (e.g., because of proximity to a protected contour), it may be difficult to achieve such goals.

Additional Systems Issues
TDD is traditionally considered to have the advantage when channel reciprocity is important.  Features that would benefit from channel reciprocity include advanced antenna techniques (e.g., adaptive arrays or MIMO, though such techniques might not be employed at these longer wavelengths) and power control.  Since the TDD channel is reciprocal between up and down link (assuming a static channel), weights used for a receive antenna array should also be applicable for the transmit array.  Power control is simplified for the TDD channel since including a transmitter power message in the downlink overhead data would allow a CPE receiver to estimate path loss based on its received power, thereby enabling it to determine an appropriate uplink transmit power to achieve a desired C/I at the base station.  Assuming the same path loss for the up and down link would not be valid in an FDD system (though it would be a good starting point) since the path loss on one TV channel does not necessarily correspond to the path loss on a different, possibly well-separated, TV channel.

A further benefit to TDD is the reduction of the probability of a hidden node.  If a neighboring unlicensed system is sensing to determine if a TV channel is occupied by an existing unlicensed system, it is more difficult for it to sense a weak FDD downlink signal than a strong TDD uplink signal for a given distance from a different-system CPE.  Sensing a strong FDD uplink signal provides no information regarding downlink frequency.  Thus TDD could reduce the precautions a system must take to attempt coexistence.

Lastly, it could be considered that an FDD system could have twice the opportunity to create interference with incumbents since two TV channels are being used instead of one.  But in some cases, it may work out better to use two channels, for example with one channel for a more distant (from the protected contour) unlicensed base station to use in the downlink but a different channel for a more proximate (to the protected contour) CPE to use for the uplink.   

Radio Tradeoffs

The radio-level tradeoffs between TDD and FDD are generally well known.  By virtue of non-simultaneous transmit and receive functions and common up- and down-link frequencies, the TDD radio architecture is considered simpler.  To support different transmit (T) and receive (R) frequencies and simultaneous T and R, a FDD radio must:

1. have wideband, tunable multi-resonance, or separate tunable T/R antennas if the T/R frequencies are well separated, as they could be in this spectrum;

2. depend on a duplexer filter to reduce the receive-band transmitter noise to prevent desense and reduce the transmitter power leakage into the receiver to avoid compression, cross-modulation, and other non-linear effects.  Additionally, this duplexer filter would require variable spacing (since T/R spacing cannot in general be assured) and variable assignment (since the transmit filter frequency can in general be above or below the receive filter frequency);

3. use different IFs (if superhet) for T and R lineups to avoid strong transmitter signals from leaking into sensitive receive IF circuits; and

4. use different main LOs to accommodate the variable T/R spacing.  The opportunity for spurious problems is multiplied by the variable T/R spacing and combinations of LO frequencies, increasing design and test time.

Most of these requirements will increase the cost of the FDD radio.  For rural applications where there is likely to be abundant spectrum, an engineered system with fixed duplex spacing would mitigate some of these difficulties.  In such cases, fixed duplexer filters could be used, and if a large number of channels are available, the T/R separation could be large enough that the T/R isolation requirement could be easily satisfied with low-order filters.  

In contrast, a TDD radio

1. requires a relatively narrow instantaneous bandwidth antenna;

2. requires only a transmit/receive switch to perform the duplexing function;

3. needs only a single RF filter and main LO;

4. can share other elements such as IF (if used) or baseband filters and data busses; and

5. has reduced isolation and spurious requirements since the transmitter is not operating when receiving;

However, TDD is not without hardware drawbacks.  One example is that the transmitter must be turned off until the receive packet is finished to keep the transmitter noise from leaking through the T/R switch isolation (if inadequate).  (Generally the transmitter is turned off anyway to reduce power drain, though this is less critical for line-powered units, as a fixed/access system could be.  But if battery back-up is used to stay powered during a power outage, e.g. to maintain VoIP service, then power drain again becomes a concern.)  This means the transmitter, in particular the power amplifier, must turn on and stabilize (to avoid distortion of the modulation) in a relatively short time compared to the timeslot duration to have minimal impact on spectral efficiency.  This is less of a problem if the transmit and receive slots are separated in an up/down-grouped frame structure.  
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Abstract


Time and Frequency Division Duplexed systems are expected to be submitted during the proposal phase of the IEEE802.22 standard development process.  This submission is a first draft of text intended to examine the systems and radio tradeoffs and stimulate discussion regarding the two duplexing methods for very large cell sizes as applied in this spectrum.  Eventually, the text on this topic will be included in the IEEE802.22 Functional Requirements document.
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� Duplexing within a single TV channel, or even multiple contiguous TV channels, with very little guard band, would be exceedingly difficult to implement, especially if tunable.  However, if the duplexer split could be adjusted on the fly, and a variable-bandwidth modulator was employed, the amount of spectrum, hence capacity, allocated to up and down link could be adjusted.  The necessary guard band between T and R would reduce the overall capacity of the channel, but it will be shown there can be a similar capacity reduction for TDD.


� The proposed rules stipulate that the maximum conducted power for a fixed device, regardless of modulation bandwidth, is 1 W, with 6 dBi maximum antenna gain (or 4 W maximum EIRP).   See NPRM, ET Docket 04-186, Unlicensed Operation in the TV Broadcast Bands, Appendix B, paragraphs 2(b),(c).  


� Obviously, this efficiency reduction is dependent on packet length, but so is latency.
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