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1. Background

The currently being developed IEEE 802.22 standard will allow wireless regional area networks (WRAN) to operate on the VHF/UHF TV bands based on the concepts of opportunistic spectrum access. In particular, the primary users of the VHF/UHF TV bands are TV devices and Part-74 wireless microphones. However, if, at some particular location and time, a TV channel is not occupied by primary users’ operation, then a WRAN system can opportunistically make use of the channel for its own communications. As the name suggests, 802.22 WRAN systems target to support large service areas, with the average coverage radius of 33km and the maximum coverage radius of 100km [1].

A WRAN system consists of a base station (BS) serving a number of subscribers called customer premise equipments (CPE) in a point-to-multipoint mode. As it is currently agreed upon by all the contributors [3], two-way communications between BS and CPEs will be supported using mandatory time division duplex (TDD) technique. On top of that, for both uplink and downlink transmissions, channel access will be carried out based on orthogonal frequency division multiple access (OFDMA) technology.

2. Conventional TDD 

The operation of a WRAN system employing TDD can be described as in Fig. 1. Time is divided into units of frames. Each frame consists of a downlink (DL) subframe and an uplink (UL) subframe that are respectively used for downlink and uplink transmissions. In the time domain, a DL or UL subframe can be further divided into multiple OFDMA symbols, each of these symbols consists of a set of subchannels in the frequency domain.


[image: image1]
Figure 1: Frame structure of OFDMA system employing TDD.

Consider a DL subframe. Due to difference in propagation delay from BS to the CPEs, different CPEs finish their downlink receptions at different time instances. Specifically, a nearby CPE can finish its DL reception long before a faraway CPE does. This can be illustrated in Fig. 2, where CPE 1 is much closer to BS than CPE 2 is.


[image: image2]
Figure 2: Illustration of different propagation delay experienced by CPE1 (nearby) and CPE2 (faraway).

As different CPEs finish their DL reception at different times, they are ready to start UL transmissions at different times. However, in order to guarantee reliable reception at BS, the UL transmissions from different CPEs must be scheduled in a way such that their OFDMA symbol boundaries are aligned at BS. 

The existing approach is to schedule the UL transmissions of all CPEs based on the farthest one. Specifically, even when nearby CPEs have finished their DL reception and are ready for UL transmission, they will be delayed so that their UL transmissions reach BS the same time as those UL transmissions of the farthest CPEs. This can again be illustrated in Fig. 2, where the UL transmission of CPE 1 is delayed to align (at BS) with that of CPE 2. It can be calculated that the delay will be equal to the difference in round-trip propagation delay between a nearest and a farthest CPEs.

As has been mentioned, WRAN systems target to support large service areas, with the average coverage radius of 33km and the maximum coverage radius of 100km. This means that the difference in the round-trip propagation delay between nearby and edge CPEs can be significant. For example, if the difference in distance is 50km, then the difference in round-trip propagation delay will be 2 x (50x10^3)/(3x10^8) = 330x10^(-6) s = 330 μs.

On the other hand, for a given frame duration, say 5, 10 or 20 ms, due to the fact that only an integer number of OFDMA symbols can be transmitted during each frame, there will be always some extra idle time available during each frame. 

The main problem of the existing approach is throughput inefficiency due to the existence of idle time. Note that this problem is not significant for conventional cellular systems with small cell radius, as in those systems, the difference in round-trip propagation delay will be negligible.

3. Adaptive TDD

3.1 Features of Adaptive TDD

Adaptive TDD fully makes use of the guard intervals reserved for nearby users. In particular, after finishing their downlink reception, nearby CPEs are scheduled to start uplink transmission first. Far-away CPEs are scheduled to start their uplink transmission later. While doing so, the OFDMA symbol boundaries of all CPEs are still synchronized at BS for reliable communications. Compared to existing methods that schedule a fixed downlink-to-uplink transition gap based on the location of the farthest CPEs, Adaptive TDD can achieve significant gain, in terms of the average uplink capacity.

The proposed Adaptive TDD scheme consists of the following features:

· When the difference between the round-trip propagation delays of nearby and faraway CPEs is comparable to the OFDMA symbol duration, nearby CPEs may be allowed to start UL transmission right after finishing DL reception plus a delay spread period for the channel to be clear.

· The nearby CPEs scheduled for early transmission can utilize either the whole subchannels or part of the subchannels of the OFDMA symbol.

· Faraway CPEs will be scheduled to start UL transmission later such that the OFDMA symbol boundaries of all CPEs are aligned at BS. It is important to note that the proposed scheme allows for the mth OFDMA symbol of a faraway CPE to aligned with the nth OFDMA symbol of a nearby CPEs, where n > m ≥ 1.

When nearby CPEs are scheduled for early transmission, the more the channel bandwidth being used by these nearby CPEs, the better the average system throughput. It means that, if possible, we will allocate all subchannels of an early OFDMA symbol to nearby CPEs.

[image: image3]
Figure 3: Illustration of how the first OFDMA symbol of CPE2 is aligned with the second OFDMA symbol of CPE1.
The above features can be illustrated using Fig. 3. As can be seen in Fig. 3, nearby CPE 1 starts UL transmission before faraway CPE 2 does. Furthermore, at BS, the first OFDMA symbol of CPE 2 is aligned with the second OFDMA symbol of CPE 1.

In Figs. 4 and 5, when users 1 and 2 are allowed to transmit early, their data will occupy all subchannels of the first OFDMA symbol.


[image: image4]
Figure 4: Frame structure when Adaptive TDD is employed: First OFDMA symbol is used by one nearby user


[image: image5]
Figure 5: Frame structure when Adaptive TDD is employed: First OFDMA symbol is used by two nearby users

It is noted that nearby users usually have higher signal-to-noise ratio (SNR), thus throughput gain due to the use of the additional first OFDMA symbol can be significant. Also, when the OFDMA duration is small as compared to the round trip propagation delay of the faraway users, multiple additional OFDMA symbols can be gained through using the guard time for the nearby users.

3.2 Variable Symbol Duration for Additional OFDMA Symbols 

Since the additional OFDMA symbols are usually allocated to the near-by users which have smaller delay spread, the cyclic prefix length for the additional OFDMA symbols can be chosen either the same as or smaller than that of the normal OFDMA symbols. Further, the symbol duration of the additional OFDMA symbols can be the same as or different from that of the normal ones.  This is shown in Fig.6.

[image: image6]
Figure 6: The cyclic prefix length and FFT size can be shorten for the OFDMA symbols during which only nearby CPEs transmit.

3.3. Frame Duration and Idle Time

No matter what the frame duration is, due to the fact that only an integer number of OFDMA symbols can be transmitted during each frame, there will be always some extra idle time available during each frame. This time can be further exploited by Adaptive TDD to let nearby users gain extra OFDMA symbols.

[image: image7]
Figure 7: Components of an OFDMA frame.

The above argument is illustrated in Fig. 7. Consider a MAC frame of duration TFRAME. This frame is divided into DL and UL subframes for transmitting downlink and uplink data respectively. A CPE at the edge of the cell will finish DL reception after a propagation delay time TPD_edge plus the multipath delay spread TDS_edge. It then needs to switch from receiving to transmitting mode. This switching time is denoted by TSSRTG. After that, the CPE can start transmitting its UL data to BS, and the BS will receive this UL transmission after a delay of TPD_edge. For the BS, after finishing all UL reception, it needs to switch from receiving to transmitting mode before starting the next frame. The switching time at BS is denoted by TBSRTG. Given all these delay and switching times, we can calculate the maximum number of OFDMA symbols transmitted during each frame as:
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where TOFDMA is the OFDMA symbol duration (including cyclic prefix). Then, for nearby CPEs, the idle time during each frame, if adaptive TDD is not employed, can be calculated by:
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Here, TPD_nearby and TDS_nearby are the propagation delay and multipath delay spread of nearby CPEs respectively. Let us illustrate the above calculation by plugging in some typical values for the parameters as shown in Table 1 and Table 2.

	
	TFRAME
	TOFDMA
	TDS_edge
	TPD_edge
	TDS_nearby
	TPD_nearby
	TSSRTG
	TBSRTG
	NOFDMA
	TIDLE

	Parameter Set 1
	20ms
	373.33us

(2048FFT, 1/4CP)
	50us
	100us 

(cell radius 30km)
	8.33us (within 5km radius)
	16.67us 

(within 5km radius)
	50us
	50us
	52
	445us

	Parameter Set 2
	20ms
	336us

(2048FFT,

1/8CP)
	50us
	100us 

(cell radius 30km)
	8.33us (within 5km radius)
	16.67us 

(within 5km radius)
	50us
	50us
	58
	370us


Table 1: Calculation of idle time due to the fact that only an integer number of OFDMA symbols can be supported during each frame – 30km cell radius

	
	TFRAME
	TOFDMA
	TDS_edge
	TPD_edge
	TDS_nearby
	TPD_nearby
	TSSRTG
	TBSRTG
	NOFDMA
	TIDLE

	Parameter Set 1
	20ms
	373.33us

(2048FFT, 1/4CP)
	50us
	33.33us 

(cell radius 10km)
	8.33us (within 5km radius)
	16.67us 

(within 5km radius)
	50us
	50us
	52
	445us

	Parameter Set 2
	20ms
	336us

(2048FFT,

1/8CP)
	50us
	33.33us 

(cell radius 10km)
	8.33us (within 5km radius)
	16.67us 

(within 5km radius)
	50us
	50us
	58
	370us


Table 2: Calculation of idle time due to the fact that only an integer number of OFDMA symbols can be supported during each frame – 10km cell radius

There are two important conclusions that can be drawn from the calculation in Table 1 and Table 2:

· Firstly, as only an integer number of OFDMA symbols can be supported in each frame, the idle period, if adaptive TDD is not employed, can be significant.

· Secondly, even when the round-trip propagation delay, i.e., 2xTPD, is less than the OFDMA symbol duration, i.e., TOFDMA, the actual idle time, TIDLE, can be longer than TOFDMA. This idle time can be used for nearby CPEs to gain one extra OFDMA symbol.

4. Performance Improvement of Adaptive TDD 

The performance gain of Adaptive TDD scheme, relative to the existing solution, depends on the following factors.
· The coverage radius of BS: here, we assume the cell radius is 30km. All CPEs locating inside a 5km inner disk from BS are regarded as nearby CPEs. All CPEs locating outside this inner disk are regarded as faraway CPEs. We assume that delay spread at cell edge = 50us, and delay spread at 5km radius = 8.33us.

· The OFDMA symbol duration: here, we assume FFT size = 2048, CP length = ¼ and 1/8. With the chosen parameters, a CPE locating inside the inner disk (of radius 5km) can transmit UL data at one OFDMA symbol earlier than those CPEs locating outside the inner disk.

· The percentage of CPEs locating inside the inner disk: here, we vary this number from 10% to 60%. When this percentage is 10%, it represents the case of near uniform CPE distribution within the cell. When the percentage is equal 60%, it represents the case of localized distribution of CPEs.

· The transmission rates of nearby and faraway CPEs: as nearby CPEs usually experience good channel condition, they can transmit at high rates. On the other hand, faraway CPEs usually transmit at relatively lower rates due to less favorable channel condition.
· The frame size: when the number of extra OFDMA symbol gained is fixed, the percentage gain in uplink capacity depends on the frame size. The shorter the frame size, the higher the percentage gain in uplink capacity. Typical values for the frame size are 5, 10, 20, and 40 msecs.
· The downlink and uplink traffic ratio: when the downlink and uplink traffics are symmetric, roughly half of the frame is assigned for uplink transmission. On the other hand, if there is more downlink traffic than uplink traffic (which is usually the case for broadband communications), then the uplink subframe will be considerably smaller than the downlink subframe. We will consider both scenarios of symmetric and asymmetric traffics.

· We study the performance gain of Adaptive TDD under two scenarios which are given in Table 3.

	 
	Nearby CPEs
	Far-away CPEs
	DS – US ratio

	Scenario 1
	64QAM, ¾ code
	QPSK, ½ code
	1:1

	Scenario 2
	64QAM, ¾ code
	QPSK, ½ code and

16QAM, ¾ code
	2:1


Table 3: Two scenarios to study the performance gain of Adaptive TDD.
Note that for scenario 2, we assume that half of the far-away CPEs employ QPSK and ½ code rate while the other half employ 16QAM and ¾ code rate.

In Fig.8 and Fig. 9, we plot the performance gain of Adaptive TDD, with respect to the case when normal TDD is employed. The gain here is in terms of the percentage increase in the average uplink throughput. Fig. 8 corresponds to scenario 1 and Fig. 9 corresponds to scenario 2 in Table 3.
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Figure 8: Percentage gain in uplink average capacity versus the percentage of nearby CPEs (who can benefit from adaptive TDD). Nearby CPEs use 64QAM, ¾ code rate; faraway CPEs use QPSK, ½ code rate. DL and UL traffics are symmetric.
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Figure 9: Percentage gain in uplink average capacity versus the percentage of nearby CPEs (who can benefit from adaptive TDD). Nearby CPEs use 64QAM, ¾ code rate; faraway CPEs use QPSK, ½ code rate and 16 QAM, ¾ code rate. DL and UL traffics are asymmetric with ratio 2:1.

As can be seen, the gain in average uplink capacity while employing the Adaptive TDD is very significant. The gain increases when the frame size decreases. The gain decreases when the percentage of nearby CPE increases. This trend can be explained as follows. The absolute gain, in terms of uplink throughput, is almost constant (due to the fixed one OFDMA symbol gain). On the other hand, the absolute average throughput increases with the percentage of nearby CPEs. As a result, the percentage gain, which is equivalent to absolute gain divided by the absolute throughput, will decrease as the percentage of nearby CPEs increases.

5. MAC Support for Adaptive TDD

First of all, we note the following points:

· In the current MAC proposal, initial ranging and periodic ranging are implemented for BS and CPEs to determine the propagation delay. When Adaptive TDD is implemented, these propagation delay parameters can be used to determine which CPEs are close enough to BS and can start US transmission early.

· Some simple MAC messaging is needed to allow one or multiple US bursts to transmit over the extra OFDMA symbol.
Let us first explain why the current MAC specifications do not immediately support Adaptive TDD. We then present an elegant MAC messaging scheme that allows Adaptive TDD to be implemented.

5.1 US Slot Allocation
Consider Fig. 10, which illustrates how OFDMA slots are allocated to different US bursts. Fig. 10(a) corresponds to what currently being specified ([3]) while Fig. 10(b) is when Adaptive TDD is employed. Currently, OFDMA slots are allocated to US burst IEs as follows (see Section 6.8.4.1 of [3]):

“Each allocation IE shall start immediately following the previous allocation and shall advance in the time domain. If the end of the US frame has been reached, the allocation shall continue at the next channel at first symbol (defined by the allocation start time field) that is not allocated with 0 ( UIUC ( 5.”
The fact that each US allocation advances until the end of the US can be observed in Fig. 10(a).

On the other hand, from Fig. 10(b), it can be observed that, in order to implement the proposed Adaptive TDD scheme, the following information/control should be specified:

· Early start time: as some nearby CPEs will be allowed to transmit earlier than the rest, their early allocation start time must be specified. Moreover, this early start time can be different for different nearby CPEs, e.g., some can transmit two OFDMA symbols earlier than the rest while some others can transmit one OFDMA symbol earlier.

· For a nearby CPE transmit earlier than the rest, the corresponding US IE must be restricted to the early OFDMA symbols. In other words, the IE is not allowed to advance all the way until the end of the US frame, as currently specified in Section 6.8.4.1 of [3].
From the above observations, it is clear that some modification is needed to the current MAC document in order to support Adaptive TDD.
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Figure 10: Uplink slot allocation: (a) current specification, (b) with Adaptive TDD.

5.2 Modifications to Current MAC Document
In order to specify an US IE that exploits Adaptive TDD, we introduce an US extended UIUC IE called AdaptiveTDD IE. Like other extended upstream IEs, this AdaptiveTDD IE is indicated in the US MAP IE by setting UIUC = 15 (see Table 4).
	Syntax
	Size
	Notes

	US-MAP_IE() {
	 
	 

	CID
	16 bits
	 

	UIUC
	4 bits
	= 15

	AdpativeTDD_IE()
	24 bits
	 

	Padding Nibble
	4 bits
	= 0x04

	}
	 
	 


Table 4: US MAP IE with UIUC = 15 and extended AdaptiveTDD IE.

In order to specify the details of an extended AdaptiveTDD IE, we propose to add a new section: “Section 6.8.4.1.2.3 AdaptiveTDD IE” to the current  v.0.1 document.  In particular, the new Section will be as follows.

6.8.4.1.2.3 AdaptiveTDD IE

Each AdaptiveTDD IE is 3 byte long and is specified as in Table 5. The important fields of this extended IE are:

· Extended UIUC: this 4 bit field i set to 0x0F to indicate an AdaptiveTDD IE.

· Length: length of data field = 2 bytes.

· UIUC: this 4 bit field specifies the burst profile of the corresponding AdaptiveTDD IE.

· Early Start Time: this is a 2-bit field that specifies how early this AdaptiveTDD IE should start, with respect to the global Allocation Start Time specified in the US MAP.

· Duration: The duration of the AdaptiveTDD IE in OFDMA slots.

	Syntax
	Size
	Notes

	AdaptiveTDD_IE() {
	 
	 

	Extended UIUC
	4 bits
	0x0F

	Length
	4 bits
	0x02 (in bytes)

	UIUC
	4 bits
	From 6 to 12

	Early Start Time = n
	4 bits
	n = 0 => not employing Adaptive TDD

n > 0 => Adaptive TDD is employed, starts n 0FDMA symbols earlier than what specified in the US-MAP. 

	Duration}
	8 bits
	In number of MAC slots


Table 5: Format of an AdaptiveTDD IE
Each AdaptiveTDD IE allocation shall be restricted within its Early US Portion, i.e., between its Early Start Time and the Allocation Start Time. Each AdaptiveTDD IE allocation shall start at the unused MAC slot that has the lowest subchannel index followed by the lowest symbol index (i.e., subchannel index has higher priority than symbol index). Each AdaptiveTDD IE allocation shall advance in the time domain and shall not overlap with the previous AdaptiveTDD allocations. If the end of the Early US Portion has been reach, the allocation shall continue at the next subchannel at the first symbol, specified by its Early Start Time.
6. Conclusions

The proposed Adaptive TDD scheme enhances the achievable average uplink capacity. For TDD case, it fully utilizes the idle time between downlink transmission and uplink transmission, which could be due to the large propagation delay of cell edge users, or due to the use of integer number of OFDMA symbols within each frame. This idle time is used by nearby users achieving high throughput with possibly low cyclic prefix overhead. Evaluations have shown that the throughput increment can be very significant compared to conventional systems with minimal modification to the system.
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Abstract


Our proposed scheme (called Adaptive TDD) concerns the calculation of transition gap from downlink to uplink transmissions in IEEE 802.22 systems that are based on TDD and OFDMA technologies. Adaptive TDD allows this gap to be CPE-dependant. Specifically, after finishing their downlink reception, nearby CPEs are scheduled to start uplink transmission first while far-away CPEs start their uplink transmission later. While doing so, the OFDMA symbol boundaries of all CPEs are synchronized at BS. Compared to the conventional TDD methods that schedule a fixed downlink-to-uplink transition gap based on the location of the farthest CPEs, Adaptive TDD can achieve significant gain, in terms of the average uplink capacity. We also proposed some simple/efficient addition to the current MAC specifications to support Adaptive TDD.
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