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1 Introduction

During the LTE RAN1 Ad Hoc meeting in June, several sections of TR 25.814 [1] were drafted on different multiple access techniques, either for downlink or for uplink communications. 

In most of the proposed multiple access techniques, block-wise transmission is performed with periodic insertion of a cyclic prefix (OFDMA or SC-FDMA). This block structure of data may be taken into account for the dimensioning of the idle period needed in half duplex, for transmissions in either unpaired or paired spectrum. Indeed, in [1, section 6.2.1], the idle period duration is chosen as a multiple of the symbol duration, the symbol being the block of samples including the cyclic prefix (e.g., an OFDM symbol or an SC-FDMA symbol). It allows adapting the idle period duration with respect to the cell size while keeping same transmission parameters among sub-frames of a same link. Furthermore, as block-wise transmission may also be used for full duplex transmissions, (e.g. OFDMA and SC-FDMA are also proposed for full duplex), a higher commonality between half duplex and full duplex is guaranteed [3][4][6][7]. This latter aspect is seen firstly as a primary requirement [4], and secondly as a highly desirable attribute (see for example, [6]).

In the London meeting, several contributions have been submitted on frame formats suitable for half-duplex operation [8][9][10][11], which were not presented due to lack of time.

In this contribution, which is a revised version of [11], we review the need of idle periods in half duplex communications with cyclic prefix-based modulation and timing advance. We then show that in the sub-frame structure of [1, section 6.2.1] the unnecessary idle periods located between successive sub-frames of the same link may be suppressed, in order to increase spectral efficiency. We show the gain in data rate obtained by using this adaptive sub-frame structure instead of less flexible approaches. 

2 Idle periods in half duplex communications with cyclic prefix and timing advance

For half duplex (HD) transmissions in either paired or unpaired spectrum, idle periods may be needed to avoid interference between uplink (UL) and downlink (DL) sub-frames and to avoid imposing any requirement on the half duplex transceiver to simultaneously receive and transmit. As a result, the active transmission duration for some sub-frames is shorter than the full sub-frame duration. 

2.1 A DL sub-frame followed by an UL sub-frame

When a UE is scheduled in two consecutive sub-frames, the first downlink and the second uplink, the Node B cannot transmit to this UE during a certain period of time before reception of the UE’s uplink scheduled sub-frame allocation commences. As depicted in Fig.1, this idle period, referred to as TDLUL, during which the Node B is not active, has to be larger than twice the propagation time Tprop between the Node B and a UE plus the RX-to-TX UE switching time TRTUE. Note that TRTUE may not only include RF device switching time but also some additional margin to allow immediate processing of downlink control information in order to adapt the following uplink transmission. Thus, as the maximum value of 2.Tprop is the round trip delay between the Node B and a UE at the border of the cell, the idle period is dimensioned approximately according to the cell radius R: 

TDLUL=2R/c+ TRTUE         where c is the celerity of light.

The effective cell radius R is increased as the variance of the shadow fading is increased.

Note that for transmissions without periodic insertion of a cyclic prefix, the delay spread of the channel must be added.
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Fig. 1: Idle period TDLUL required between two consecutive downlink and uplink sub-frames
TDLUL = 2Tprop + TRTUE.

2.2 A DL sub-frame followed by another DL sub-frame

There is no physical reasons (neither propagation time difference, nor electrical switch) justifying the need of an idle period between two successive downlink sub-frames. Only control information located in the first downlink sub-frame for adapting the reception of the second downlink sub-frame could require an idle period to allow the processing of this control information. This however should be avoided to obtain self-contained sub-frames.

2.3 An UL sub-frame followed by a DL sub-frame
When a UE is scheduled in two consecutive sub-frames, the first uplink and the second downlink, the Node B cannot transmit to this UE during a short period of time after its uplink scheduled sub-frame allocation to allow for RF switching (note: a half-duplex Node B operating in unpaired spectrum is assumed here; a full duplex Node B would not require any switching time). As it can be inferred from Fig.2, the idle period during which the Node B is not active, referred to as TULDL, has to be larger than the time TRTNodeB for the Node B to switch from receive to transmit mode. The minimum idle period is also a function of the UE switching time TTRUE and of the propagation delay Tprop. The relationship is:
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As Tprop is increased, any impact of the UE switching time on TULDL is reduced. In reality, the system needs to cope with a range of Tprop values, including down to Tprop ( 0, and so the time TULDL becomes set by the maximum of the UE or Node B switching times. As an example in Fig.2, TTRUE < TRTNodeB. These switching times are however expected to be negligible.
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Fig. 2: Idle period TULDL required between two consecutive uplink and downlink sub-frames
TULDL = max(TTRUE -2Tprop , TRT_NodeB ).

2.4 An UL sub-frame followed by another UL sub-frame
When a UE is scheduled in consecutive UL sub-frames, there is no need for any idle period in between for the same reasons given in 2.2. However, if timing advance is not accurate enough, there may be a need for a short idle period to avoid overlapping of consecutive UL sub-frames transmitted from distinct UEs. In this case however, the transmitted signal properties, e.g. the cyclic prefix of SC-FDMA or OFDMA multiple access techniques, may also be used to absorb the synchronisation mismatch.

2.5 UL random access

As far as the specific case of random access is considered, an idle period has to be introduced within the random access uplink sub-frame so as to avoid collisions with the next sub-frame. Here, the idle period TULRA is equal to TDLUL.

3 Different frame structures in half duplex communications  

Different frame structures can be investigated to cope with the idle period requirements of half duplex communication systems with cyclic prefix. In the following, we present three possible structures.

3.1 Frame Structure 1: Systematic insertion of idle period in each sub-frame
In frame structure 1, an idle period of constant duration is inserted at the end of each sub-frame, regardless of the uplink/downlink repartition in the frame (cf. Fig. 3). 

· Advantage: low complexity, all sub-frames of a same link have a same number of symbols.

· Drawback: inclusion of unnecessary idle periods between two sub-frames of a same link.
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	Figure 3: Frame Structure 1 with systematic insertion of idle period (IP) in each sub-frame


3.2 Frame Structure 2: One switching point only

The structure of frame 2 only allows one DL/UL switching point in each frame. As a result, the set of downlink sub-frames is transmitted before the set of uplink sub-frames, the position of the switching point in the frame depending on the number of downlink and uplink sub-frames in the frame. Here, one idle period is inserted after the set of downlink sub-frames, another one after the set of uplink sub-frames (cf. Fig 4).

· Advantage: optimal spectrum usage, lowest number of idle periods.

· Drawbacks: loss of flexibility in uplink/downlink repartition, which may result in latency problems and inaccuracy when using channel reciprocity.
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	Figure 4: Frame structure 2 with one switching point only


3.3 Frame Structure 3: Flexible structure

With the flexible structure referred to as frame structure 3, we aim at having multiple switching points in the frame and idle period insertion only when it is required. 

First, Fig. 5 illustrates the benefit of choosing an idle period duration equal to a multiple of symbol durations. On Fig. 5.a, a sub-frame with 7 symbols, e.g. OFDM symbols or SC-FDMA symbols including cyclic prefix, is depicted, which does not contain any idle period. Fig. 5.b and 5.c describe two different approaches for idle period insertion. Either the idle period duration is chosen to be exactly equal to what is needed (Fig. 5.b, not in line with [1, section 6.2.1]) according to the cell radius, or it is chosen to be a multiple of symbol durations (Fig. 5.c, in line with [1, section 6.2.1]), which may result in over-dimensioning, as the smallest multiple of symbol durations greater than the necessary idle period may be much higher than required. In the first case (Fig. 5.b), compared to the sub-frame structure without idle period (Fig. 5.a), the symbol duration (cyclic prefix, useful part) has to be reconsidered, which may impact the transmission parameters (e.g. the FFT size or the sampling frequency in OFDM). In contrast, in the second case (Fig. 5.c), the symbol parameters remain unchanged which allows for a greater degree of commonality and is thus in line with the requirements of [4]. 
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	Figure 5: Idle period (IP) insertion in a sub-frame


In section 2.2, we observed that an idle period is not required between two downlink sub-frames. This can be achieved using the flexible sub-frame structure as specified in [1, section 6.2.1] and depicted in Fig. 5.c since 0,1,2,… etc… symbols may be designated as idle. In the case that 0 symbols are idle, this clearly allows for data transmission instead of an idle period, whilst keeping the same data symbol duration among downlink sub-frames with/without idle periods. As mentioned in section 2.4, in case of uplink transmission with accurate timing advance, an idle period is not necessary and may instead be used for data transmission between two successive uplink sub-frames following the same approach.

As a summary, the idle period duration in frame structure 3 is chosen to be a multiple of the symbol duration and no idle period is used between two successive sub-frames of a same link. An example of this frame structure with accurate timing advance is depicted in Fig. 6.
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	Figure 6: Frame structure 3 with flexible sub-frame structure with (Fig. 5.c) or without (Fig. 5a) idle period.


· Advantages: 

· multiple switching points supported (low latency, high channel reciprocity), 

· variable duration of idle period according to cell size supported,

· same symbol parameters in sub-frames of a same link, including idle period or not,

· same symbol parameters in half duplex and full duplex supported

· increase of spectral efficiency through idle period suppression when possible.

· Drawbacks: 

· spectral efficiency decrease through idle period over-dimensioning.

It should be noted that further flexibility is offered by the sub-frame structure of [1, section 6.2.1] in that the idle symbols may be located either at the beginning or at the end of the sub-frame. In this way, the required idle period between switching points may be configured to detract either from the downlink active transmission or from the uplink transmission time. This could be a useful tool for optimising the framing structure for a particular service/application or according to the wishes of the system designer or operator. Examples of various permutations of the frame structure of Fig. 6 are given in Fig. 7 below.
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	Figure 7: Frame structure 3 alternatives with idle periods located at the beginning or end of the switch-point sub-frames


4 Data rates achieved with the different frame structures

In this section, we evaluate the data rate of the different frame structures presented in section 3. As an example, we focus on the downlink and assume that the idle period (IP), when existing, is located at the end of the downlink sub-frame. We compare the downlink data rate of the proposed frame structure 3(a) and 3(c) with frame structure 1, using either an IP duration optimised according to the cell size (Frame structure 1a) or an IP duration being a multiple of block durations (Frame structure 1b), and Frame structure 2. In all frames except frame 1a, the IP duration is compliant with [1, section 6.2.1]. Frame structure 3(b) is not considered due to its lack of compliance with [1,section 6.2.1]. Fig. 8 aims at showing the spectral efficiency of the different frames for a cell radius equal to 5 km [4]. The downlink data rate in Msymbols/s, or equivalently in Mega useful sub-carriers per second, is depicted versus the percentage of downlink sub-frames in a frame. Note that, in this contribution, the downlink data rate is derived from the total number of useful sub-carriers in all downlink sub-frames divided by their total duration. In this section, we focus on the OFDMA downlink. 
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	Figure 8: Data rate in downlink for different frames

Sub-frame duration = 0.5ms - Parameter set in [1, sec. 7.1.1]


Results are shown for a 0.5ms sub-frame duration using the parameters listed in [1, section 7.1.1] for a 5MHz bandwidth. As a reference, the FDD data rate without idle period is depicted (FDD bound). Frame 1b induces a data rate loss of 14% compared to the FDD case, which is prohibitive. With at least 30% of downlink sub-frames, the data rate loss with frame 2 compared to FDD is negligible (less than 2%). However, the counterpart is a larger latency and a loss of channel reciprocity due to the minimised number of switching points. The proposed frame 3 exhibits a good compromise between frame 1 and frame 2. Depending on the number of switching points, i.e., of remaining idle periods, data rate of frame 3 ranges between data rates of frame 1b and frame 2. When averaging over the number of switching points (Frame 3 average), frame 3 outperforms frame 1b as soon as there are at least two downlink sub-frames in the frame. Even in the worst case (Frame 3 worst case), i.e., when there are as many switching points as possible, frame 3 outperforms frame 1b when there are at least 50% of downlink sub-frames in the frame. 

Note that compared to frame 1a, spectral efficiency of frame 1b is decreased as the idle period is higher than required by the cell size. As the idle period in frame 1a is not a multiple of OFDM symbols, parameters suggested in [1, section 7.1.1] cannot be applied and a new set of parameters has to be chosen (same sampling frequency and spectral occupancy as in [1, section 7.1.1], cyclic prefix of 56 samples, 384-sample FFT, idle period of 320 samples). For this optimised set of parameters, the degradation of frame 1b compared to frame 1a is however negligible.

Similar spectral efficiency results are obtained with other sub-frame durations (e.g., 0.667 ms).

In all studies cases, the negative effect of idle period over-dimensioning is negligible and spectral efficiency in downlink is increased on average by around 10% at the uplink-downlink symmetry by suppressing the idle period between consecutive downlink sub-frames.

5 Summary and proposal

In this document, we summarize the advantages of a flexible sub-frame structure for half duplex communication systems in which idle periods have a duration equal to a multiple of the symbol duration [1, section 6.2.1]. 

We propose to employ, within the half duplex frame, different uplink and/or downlink sub-frame structures, either with or without idle period, depending on the need or not of a switching point. The idle periods may be located at the beginning or end of the affected sub-frames according to system configuration and in line with [1, section 6.2.1].

Advantages of the proposed method are increased flexibility (multiple switching points are supported resulting in low latency and high channel reciprocity) with the ability to retain the same block numerology and parameters for different sub-frames of a same link, for both half duplex and full duplex. The scheme accommodates different cell sizes, and exploits the increase of spectral efficiency obtained through idle period suppression when possible.
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