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1 Introduction
[1] was endorsed at the RAN WG1 Ad hoc meeting on LTE in June.  This formed the basis for a single harmonised LTE concept in which operation in both paired and unpaired spectrum is enabled.

The concept employs OFDM in downlink [2] with either SC-FDMA [2] or OFDMA in uplink [3].  Study into both FDMA and OFDMA for the uplink is ongoing within the context of the RAN WG1 TR [4] and this will enable an informed decision to be made regarding uplink multiple access based upon those technical findings.
One of the primary differences between systems operating in unpaired and paired spectrum assignments is that the transceivers at each end of the link cannot transmit and receive at the same time.  Note, this also applies to the UE transceiver if the UE is half-duplex (running in paired spectrum) – see [5].
This document attempts to highlight the sub-frame format issues concerning this lack simultaneous transmission and reception and proposes methods by which the artefacts of unpaired or half-duplex operation may be accommodated whilst retaining maximum commonality with the existing sub-frame structures and numerologies of [2] and [3].
The document focuses on operation in unpaired spectrum but it should be understood that much is applicable to the case of half-duplex UE operation in paired spectrum.
2 Non-coincidence of Tx/Rx

Allowance must be made for any slip between the UE reference frame timing and the basestation reference frame timing (resulting from propagation delay Tprop), and to accommodate the duration Tmulti of the multi-path profile, such that the aforementioned rule of non-coincident Tx/Rx is upheld at both mobile and basestation transceivers.

At a coarse (sub-frame) level, this requirement may be accomplished by means of scheduling alone and by correct design of UL/DL physical channel timing relationships.  However, due to the fact that Tmulti and Tprop are usually far smaller than the sub-frame duration, and in order to minimise system latencies, it is desirable to have a finer degree of timing, such that (for example) the UE may participate in the uplink sub-frame immediately following active reception of a preceding downlink sub-frame.  This finer adjustment is also necessary in order to avoid wastage of physical resource.
There is therefore a need to incorporate guard intervals (of duration shorter than 1 sub-frame) in one or both of the sub-frames adjoining an uplink/downlink or downlink/uplink switching point in an LTE system operating in unpaired spectrum, or for a half duplex UE operating in paired spectrum [5].  These guard intervals accommodate for the timing slip caused by gross propagation delays (as a function of the distance of the user from the basestation) and for the multipath delay profile.
Note that guard intervals are not needed for sub-frames not adjacent to a switching point, and these sub-frames may, if desired, be identical in nature to those which would be used to service a full-duplex UE in paired spectrum (see Figure 1).
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Figure 1
The general situation on a DL/UL boundary is shown in more detail in Figure 2 (the converse situation for an UL/DL boundary is not shown but is obvious by extension).  A DL signal is transmitted until time t0 and is received until time t2 = t0+Tprop+Tmulti.  Thus, the Node-B transmitter is active until t0 and the UE receiver is active until time t2.  t2 also represents the earliest that the UE could start transmission of an UL sub-frame (assuming zero switching lag).  The start of the UL signal then arrives at the Node-B at t3 = t2 + Tprop.
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Figure 2
Viewed from the Node-B perspective (in this DL/UL boundary case), there exists a period during which neither active transmission nor active reception is taking place.  This “idle” time duration is referred to as Tidle = 2Tprop + Tmulti.
The Node-B (or UE in the converse UL/DL boundary case) may switch the Tx/Rx switch at any time during the time spanned by Tidle at the respective transceiver (between t0 and t3).  Viewed from another angle, for a given fixed switching point time, multiple positions of idle time period are possible (the idle time may be shifted left or right in Figure 2 whilst still accommodating the same fixed boundary position).  This can be used to weight the impact of Tidle (in terms of lost transmission time) between the sub-frame preceding the split and the sub-frame following the split.  Examples of this are shown in Figure 3.  In the upper figure, the guard time detracts from the downlink sub-frame preceding the boundary, whereas in the lower figure, the guard time detracts from the uplink sub-frame following the boundary.
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Figure 3
In order to determine reasonable values for Tprop and Tmulti we refer to the established simulation cases 1,2,3,4 in [6].  Tprop is clearly proportional (via the inverse of the speed-of-light) to the distance between the UE and its serving Node-B.  Assuming a deployment with re-use 1, CDF’s of Tprop can be formed according to these basic simulation parameters.  The results are shown in Figure 4.  It would appear that Tprop is less than 8μs in all of these defined simulation scenarios.
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Figure 4
In terms of Tmulti, the reference simulation cases of [6] recommend the use of the GSM Typical Urban channel model, with a maximal-delay tap situated at 5μs.  This is also roughly in-line with the defined (short) cyclic prefix lengths in [2], [3] for unicast scenarios (of the order of 4 or 5μs).

Taking these values into account we find that:
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In reality, one needs to allow some time for RF switching and for downlink/uplink synchronisation loop errors.  Allowing for a reasonable implementation margin of 10 or 15μs, we assume that a total guard time across a DL/UL or UL/DL boundary of the order of 30-35μs is more than adequate for the deployment scenarios considered in [6].
It is stated in [1] that guard periods may be created within the sub-frame structure by means of idle symbols located either at the beginning or at the end of the UL or DL sub-frame.  However, the proposed switch-point guard time of 30-35μs is shorter than a short-CP downlink OFDM symbol (71.4μs), and as such, removal of a whole DL (or UL) OFDM symbol would be wasteful of resource for these deployments.  Note this also makes it difficult to share the guard time equally between the UL and DL sub-frames, since we would need to remove ¼ of a symbol from the downlink and to find a way of similarly removing ~17.5μs from the uplink.
30-35μs is however approximately equal to:

· ½ of an UL or DL OFDM symbol

· One UL FDMA short block

· ½ of one UL FDMA long block

The means by which the guard time is created obviously therefore depends on the link directions, the technology under consideration (FDMA/OFDMA) and, in the case of FDMA, also the different sub-frame formats and selected numerology (4.096-based or 3.84-based) [2].

In the following we describe how space can be made for a 30-35μs guard time within an UL/DL or DL/UL sub-frame pair spanning a link direction split.
3 Guard time insertion
It is proposed for the purposes of the LTE study, and assuming system simulation cases 1,2,3,4 in [6], that a guard time of ~30-35μs is created around a DL/UL or UL/DL boundary.  The guard time is arranged such that either:

· The sub-frame preceding the boundary is shortened by 30-35μs (the last 30-35μs of that DL or UL sub-frame is not transmitted).  The DL or UL sub-frame following the boundary is not impacted (the full sub-frame is transmitted)
· The sub-frame following the boundary is shortened by 30-35μs (the first 30-35μs of that DL or UL sub-frame is not transmitted).  The DL or UL sub-frame preceding the boundary is not impacted (the full sub-frame is transmitted)

All other sub-frames are transmitted for their full duration and are identical to those in [2],[3].

In this way, for one complete DL/UL cycle, the situation may be arranged such that the loss in transmission time may affect:

· both link directions equally
· only the uplink

· only the downlink

This general situation is shown in Figure 5.
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Figure 5
Thus, provision needs to be made for the following additional sub-frame formats:

· DL with guard at the start of the sub-frame

· DL with guard at the end of the sub-frame

· UL with guard at the start of the sub-frame

· UL with guard at the end of the sub-frame

3.1 UL FDMA

30-35μs is approximately equal (for either the 4.096-based or the 3.84-based numerologies) to the duration of one short block without cyclic pre-fix.  Thus, for unpaired or half-duplex operation, the desired guard time could be inserted into an UL sub-frame adjacent to a boundary by means of either:

· Substituting a long block for a short block

· Removing a short block

Short blocks can either be used for pilot or for data, denoted Sp and Sd respectively.  A long block is denoted L.  In order to keep as-similar a pilot structure as possible to the current SC-FDMA sub-frame structures of [4] it is proposed to adopt the former of these two options: a long block (for data) is replaced by a short block (for data).

The pre- and post-guard period sub-frame formats for UL SC-FDMA are shown in Figure 6 along with the unmodified (no guard) UL FDMA formats of [4].  Other variations can be conceived; the key point is only that the same FDMA numerologies as are used for paired full duplex operation can be retained for unpaired or half-duplex operation via substitution of a long data block for a short data block for those sub-frames in which it is desired that a guard period is inserted.
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Figure 6
The exact guard times inserted are as shown in Table 1
Table 1
	Numerology
	Guard time

	3.84-based
	0μs or 33.3333μs

	4.096-based
	0μs or 31.25μs


3.2 UL OFDMA or DL OFDM

30-35μs is approximately equal to one half of an OFDM symbol duration without cyclic prefix (33.3333μs).  Removal of a full symbol (~70μs) may be sub-optimally efficient for typical deployments and cell sizes.  It is therefore proposed that support for half-length symbols is studied for the UL and DL sub-frame structures to provide the necessary guard interval granularity for UL or DL OFDM sub-frames adjacent to a switching point boundary.  With “N” denoting the OFDM symbol time-series formed by performing an N-point IFFT on N sub-carrier modulation symbols, the OFDM sub-frame structures thus become:
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Figure 7
Thus, for the pre-guard and post-guard formats, the first or last OFDM symbol in the sub-frame carries half of the data of a normal symbol and is transmitted correspondingly for half the time (but at the same sample frequency thus occupying the same bandwidth as a normal symbol).  The sub-carrier spacing (and width) is effectively doubled.  The cyclic prefix remains the same as for a normal symbol to accommodate the same duration of ISI.

The doubling of the sub-carrier width may have some impact on performance in some multipath cases, since some degree of ISI and eye-closure may be observed within each sub-carrier due to the sub-carrier widening.  However, this effect may prove to be small when taken in the context of a full sub-frame (containing only 1 affected half-symbol along with many unaffected normal symbols) and when considering the beneficial effects of channel coding and interleaving.  The performance effects of the half-symbol should be studied within the RAN1 TR to see whether this is a viable approach.

In terms of the transmitter structure, the only difference for this half symbol is that the length of the FFT is halved.  Half of the bits are transmitted over the same bandwidth, but for half of the time, and so the Eb/No for bits carried by the half-size (N/2) block remains the same as for those bits carried by any other full-size (N) block.  The transmitter structure is shown in Figure 8.


[image: image9.emf]N-

point 

IFFT 

N samples at f

s

 Msps 

= N/f

s

 μs 

N modulated 

sub-carriers 

CP 

addition 

CP  N 

N/2-

point 

IFFT 

N/2 samples at f

s

 

Msps = N/(2*f

s

) μs 

N/2 modulated 

sub-carriers 

CP 

addition 

Guard 

insertion 

(N/2 zeros) 

CP N/2 

Full-Length Symbols 

Half-Length Symbols 

CP N/2 

or 


Figure 8
An alternative (if it is desired to explicitly re-use the N-point FFT block for the half symbol) is to zero-pad the length-N/2 input to the length-N IFFT, and to take every other output to form the length N/2 time series to be transmitted prior to, or following the guard time.

3.3 Deployments in Larger Cells

For deployments in larger cells (i.e. larger than those described in [6]), it is of course necessary to insert larger guard periods.  In the case of OFDM, these may be created by deletion of one or more full OFDM symbols (from UL or DL sub-frame formats), or for finer granularity, by replacing a full symbol with a half-symbol (as described above), for DL, UL or both sub-frames adjoining a split point.  Similarly, in the case of SC-FDMA, one or more full long or short blocks could be removed from the sub-frame structure.

Thus, it is anticipated therefore that several DL/UL sub-frame formats could be defined to cover the range of cell sizes described in [7].
4 Conclusion and Summary of Proposal for Simulation within TR 25.814

To maximise harmonisation between paired and unpaired modes, (or similarly, full and half-duplex UE modes), it is proposed that:

a) Downlink and Uplink sub-frames not adjacent to a switching point use identical sub-frame formats and numerology as those already defined [2], [3]

b) Downlink (OFDM) sub-frames adjacent to a split point may contain a half-length OFDM symbol at the beginning or the end of the sub-frame to create a guard period of 33.3333μs.

c) Uplink (OFDM) sub-frames adjacent to a split point may contain a half-length OFDM symbol at the beginning or the end of the sub-frame to create a guard period of 33.3333μs.

d) Uplink (SC-FDMA) sub-frames adjacent to a split point contain a guard period of the order of 35μs which is created by using slightly modified sub-frame formats such as the examples of Figure 6.  These modified sub-frames have a long block substituted for a short block.  All other numerology remains unaffected.

e) For larger deployments (cell sizes greater than those in [6]), one or more full UL/DL OFDM symbols or UL FDMA short/long blocks may be configured as idle to create the desired guard interval.

A text proposal for 25.814 is appended.
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7.1.4

Duplexing Aspects

The downlink numerology of table 7.1.1-1 applies in the case of operation in paired and unpaired spectrum (or similarly, full and half-duplex UE modes).
A guard period is required only at a DL/UL or UL/DL switching point.  Downlink sub-frames not adjacent to a split point do not contain guard periods.  Downlink sub-frames adjacent to a split point may contain the required guard time at the beginning or end of the sub-frame as appropriate.  Alternatively, the downlink sub-frame adjacent to a split may not comprise a guard period in the case that the guard time is instead provided by the adjacent uplink sub-frame.

To accommodate the cell sizes and deployment scenarios of Annex A, a guard period of the order of 30-35μs is required at a DL/UL or UL/DL switching point.  Removal of a full OFDM symbol (~70μs) may be sub-optimally efficient for typical deployments and cell sizes.  Thus, to accommodate finer granularity of the inserted guard interval, the insertion of up to one half-length OFDM symbol is considered for the DL sub-frame structure.  With “N” denoting the FFT size for a normal OFDM symbol (excluding cyclic prefix), the half-length symbol is created by halving the FFT size for one symbol only, and pre-pending the cyclic prefix as normal.  This situation is shown from the transmitter perspective in figure 7.1.4-[x].
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Figure 7.1.4-[x]
In such cases, the first or last OFDM symbol in the downlink sub-frame carries half of the data of a normal symbol and is transmitted correspondingly for half the time (but at the same sample frequency thus occupying the same bandwidth as a normal symbol).  The sub-carrier spacing (and width) is effectively doubled.  The cyclic prefix length remains the same as for a normal symbol to accommodate the same duration of ISI.

<Editor’s Note: The doubling of the sub-carrier width may have some impact on sub-frame error performance in some multipath cases and this shall be studied>

Larger guard times may be created for larger cell sizes by designating some whole OFDM symbols as idle at the beginning or end of the sub-frame.

Examples of downlink sub-frame formats supporting guard intervals of 0μs, 33.333μs, and 71.35μs are shown in figure 7.1.4-[y].  Both pre-cursor and post-cursor guard configurations are shown and the short cyclic prefix length of table 7.1.1-1 is assumed.

[image: image11.emf]N

 

CP

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N/2

 

CP

 

0.5ms uplink sub-frame 

N

 

CP

 

N/2

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N/2

 

CP

 

N

 

CP

 

N/2

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

no guard 

 

33.333

μs

 post-guard 

 

33.333

μs 

pre-guard 

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

CP

 

N

 

CP

 

N

 

71.35

μs 

pre-guard 

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

N

 

CP

 

CP

 

N

 

CP

 

N

 

71.35

μs

 post-guard 

 

(A) 

 

(C) 

 

(B) 

 

(D) 

 

(E) 

 


Figure 7.1.4-[y]

<<<<<<<<<<<<<<<<<<<<<<<<< next changed section >>>>>>>>>>>>>>>>>>>>>>>>>

9.1.4

Duplexing Aspects
The uplink numerologies of tables 9.1.1-1 and 9.1.1-2 apply in the case of operation in paired and unpaired spectrum (or similarly, full and half-duplex UE modes).
A guard period is required only at a DL/UL or UL/DL switching point.  Uplink sub-frames not adjacent to a split point do not contain guard periods.  Uplink sub-frames adjacent to a split point may contain the required guard time at the beginning or end of the sub-frame as appropriate.  Alternatively, the uplink sub-frame adjacent to a split may not comprise a guard period in the case that the guard time is instead provided by the adjacent downlink sub-frame.

To accommodate the cell sizes and deployment scenarios of Annex A, a guard period of the order of 30-35μs is required at a DL/UL or UL/DL switching point.  This guard interval may be inserted by replacing one long block with a short block, or via removal of one short block from the sub-frame.
Short blocks can either be used for pilot or for data, denoted SBp and SBd respectively.  A long block is denoted LB and is always used for data.  In order to retain as-similar a pilot structure as possible to SC-FDMA sub-frame structures of section 9.1.1 it is preferable that a long block (for data) is replaced by a short block (for data).
Larger guard times may be created for larger cell sizes by removal of further long or short blocks, or via conversion of one or more long blocks to short blocks.
Examples of uplink SC-FDMA sub-frame formats supporting pre-cursor and post-cursor guard intervals are shown in figure 9.1.4-[z] along with the unmodified (no guard) UL SC-FDMA formats of section 9.1.1.  Other variations can be conceived to support larger guard intervals.
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Figure 9.1.4-[z]
The exact guard times of figure 9.1.4-[z] are as shown in table 9.1.4-[w]
Table 9.1.4-[w]
	Numerology
	Guard time

	3.84-based
	0μs or 33.3333μs

	4.096-based
	0μs or 31.25μs


<<<<<<<<<<<<<<<<<<<<<<<<< next changed section >>>>>>>>>>>>>>>>>>>>>>>>>

9.2.2

Duplexing Aspects
The numerology of table 7.1.1-1 applies for uplink OFDMA in the case of operation in paired and unpaired spectrum (or similarly, full and half-duplex UE modes).
A guard period is required only at a DL/UL or UL/DL switching point.  Uplink sub-frames not adjacent to a split point do not contain guard periods.  Uplink sub-frames adjacent to a split point may contain the required guard time at the beginning or end of the sub-frame as appropriate.  Alternatively, the uplink sub-frame adjacent to a split may not comprise a guard period in the case that the guard time is instead provided by the adjacent downlink sub-frame.
To accommodate the cell sizes and deployment scenarios of Annex A, a guard period of the order of 30-35μs is required at a DL/UL or UL/DL switching point.  Removal of a full OFDM symbol (~70μs) may be sub-optimally efficient for typical deployments and cell sizes.  Thus, to accommodate finer granularity of the inserted guard interval, the insertion of up to one half-length OFDM symbol is considered for the UL sub-frame structure (a description of half-length OFDM symbols is provided in section 7.1.4).
For sub-frame formats using a half-length symbol, the first or last OFDM symbol in the uplink sub-frame carries half of the data of a normal symbol and is transmitted correspondingly for half the time (but at the same sample frequency thus occupying the same bandwidth as a normal symbol).  The sub-carrier spacing (and width) is effectively doubled.  The cyclic prefix length remains the same as for a normal symbol to accommodate the same duration of ISI.

<Editor’s Note: The doubling of the sub-carrier width may have some impact on sub-frame error performance in some multipath cases and this shall be studied>

Larger guard times may be created for larger cell sizes by designating some whole OFDM symbols as idle at the beginning or end of the sub-frame.

The examples of downlink OFDM sub-frame formats supporting guard intervals of 0μs, 33.333μs, and 71.35μs shown in figure 7.1.4-[y] apply equally to uplink OFDMA.
<<<<<<<<<<<<<<<<<<<<<<<<< end of text proposal >>>>>>>>>>>>>>>>>>>>>>>>>>
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