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Fred Vook, Jeff Zhuang, Kevin Baum, Tim Thomas, Steve Kuffner
Motorola Labs, Schaumburg, IL, USA

1 Introduction

A base station using closed-loop transmit antenna array techniques leverages knowledge of the downlink channel response to increase range, coverage reliability and capacity.  Closed-loop transmit antenna array techniques include such techniques as adaptive beamforming, Spatial Division Multiple Access, and closed loop Multiple Input Multiple Output (MIMO).  Closed Loop transmission methods offer several important advantages over traditional open-loop methods that do not rely on channel knowledge.  In transmit antenna array applications, knowledge of the channel response can be used to increase range and coverage reliability through coherent transmit beamforming.  Furthermore, coherent transmit beamforming acts to concentrate the transmitted signal energy towards the CPE, which has the additional benefit of reducing the level of interference provided to adjacent co-channel cells.  Channel knowledge can also be used by a BS to transmit data streams to multiple CPEs on the same time-frequency resources (e.g., concurrent transmission or Spatial Division Multiple Access, SDMA).  In spatial multiplexing or MIMO applications, closed loop transmission methods are much more robust to channels that lack adequate scattering compared with open-loop MIMO methods.
This contribution describes a signaling methodology for providing channel response information to a base station for the purposes of enabling closed-loop antenna array transmission techniques in TDD systems.  The signaling methodology is based on the practice of requiring the CPE to transmit a sounding waveform on the UL when requested by the base station.  The sounding waveform is then used by the BS to estimate the downlink channel response (assuming propagation reciprocity in TDD) which is used to enable closed-loop transmit array processing (e.g., transmit beamforming, maximal ratio transmission, closed-loop MIMO, etc.).  This contribution describes the basics of the signaling scheme, its components, and finishes up with a discussion of the benefits of using UL channel sounding in 802.22 systems.  
2 Background

2.1 Methodologies for Enabling Closed-Loop Antenna Arrays at a Base Station

In general, there are two dominant methodologies for providing a BS transmit array with the knowledge necessary to perform closed-loop transmission.  The first methodology is called “feedback” and involves the CPE measuring the DL channel and transmitting a feedback message to the BS.  This feedback message must contain enough information to enable the BS to perform the closed-loop transmission on the DL (e.g., a quantized channel response or quantized transmit weights).  The second methodology is called “uplink channel reuse” and involves the BS estimating the DL channel based on channel response estimates calculated from signals received from the CPE on the uplink.  The key assumption behind uplink channel reuse is that the uplink and downlink channels are reciprocal, which is generally the case in Time Division Duplexing (TDD) systems where the transmit and receive hardware are appropriately calibrated.  As a result, uplink channel reuse is generally used only in TDD systems.  On the other hand, feedback is generally used in Frequency Division Duplexing (FDD) systems where the uplink and downlink channel responses are usually independent.  
2.2 The Need for UL Channel Sounding

In TDD systems, there are several ways to employ uplink channel reuse to enable the BS to learn the downlink channel.  First, the BS can simply leverage the channel estimates calculated from uplink data transmissions or uplink control messages from the CPE.  However, for this strategy to be effective, the CPE must first make a transmission on the uplink at a time reasonably close to when the downlink transmission will take place.  Furthermore, some transmission algorithms will require that the CPE transmission occupy the same portion of the bandwidth that will be used for the DL closed-loop transmission in a subsequent frame.  This requirement may be difficult to achieve in broadband systems especially in scenarios where the UL data traffic levels are significantly less than the DL traffic levels.  Rather than relying on UL data transmissions from a CPE, broadband data systems can be designed to support the transmission of specialized sounding signals by a CPE to enable the BS to compute the UL channel response over the bandwidth that will be used in the DL closed loop data transmission.  The UL Channel Sounding approach described in the remainder of this contribution provides an efficient low complexity methodology for providing channel response information to the BS in TDD systems.  As will be elaborated on in detail near the end of this contribution, uplink channel sounding has many compelling advantages over other techniques that enable closed-loop transmit antenna arrays in TDD systems. 

3 Overview of UL Channel Sounding

For the 802.22 system, we propose the addition of a signaling methodology called Uplink Channel Sounding that provides a fast, efficient, and low overhead means for providing the base with the DL channel information necessary for closed-loop transmission.  The proposal is intended for the 802.22 systems operating with TDD deployments and assumes the base station transceiver hardware is appropriately calibrated.  The proposed sounding strategy is primarily aimed at enabling the BS to employ transmission algorithms that require an estimate of the complete DL channel response (i.e., frequency response between each BS antenna and each CPE antenna).  Examples of such transmission techniques are:  maximal ratio transmission (coherent per-carrier transmit beamforming), transmit spatial division multiple access (spatial multiplexing to multiple CPEs), and closed-loop MIMO (spatial multiplexing to a single CPE).  The proposed sounding strategy can also be used for determining other propagation characteristics of the channel between the BS and CPE (e.g., MIMO conditioning, etc.).  The proposed strategy is not intended for enabling the BS to determine the interference levels received at a CPE.  However, none of the closed-loop transmission techniques being enabled by this proposal require the BS to know the level of interference being received at the CPE.  

The key components of the proposal are as follows:  The first component is the reservation of a portion of the uplink called the Sounding Zone, preferably near the end of the UL.  Within the Sounding Zone, one or more CPEs can transmit sounding waveforms that enable the BS to estimate the UL channel response.  With appropriately calibrated transmit and receive hardware at the BS, the BS can then translate the estimated UL channel response into an estimated DL channel response.  The second component is the definition of the sounding instructions that enable the CPE to determine where in the Sounding Zone it should transmit and the specific sounding waveform that should be used.  The third component is the signaling methodology for communicating the set of sounding instructions to a CPE.  The final component is the definition of the sounding waveforms that will be used by the CPEs in the Sounding Zone.  These sounding waveforms are specifically designed to facilitate accurate UL channel estimation by the BS.

There are two possible signaling methodologies for communicating the set of sounding instructions to the CPE.  The first involves a specific message (information element or IE) transmitted in a broadcast control channel that contains the complete set of sounding instructions for one or more CPEs.  The second involves piggybacking the sounding instructions along with a DL data allocation for increased efficiency.  In this case, the frequency occupancy of the requested sounding information can be matched (or coupled) with the frequency occupancy of a particular downlink transmission so as to improve efficiency.  These components of the solution are described in more detail in the following subsections. 

3.1 Specifying the location of the UL Sounding Zone

We propose the dynamic allocation of a Sounding Zone in the UL portion of a TDD frame by including in a downlink broadcast control message an information element that indicates the presence of the Sounding Zone in the current frame.  This indicator is called the Sounding Zone Presence Indicator.  If the current UL frame will not have a Sounding Zone, then the indicator is simply not included in the broadcast control message.  This practice allows the flexibility to reserve the sounding zone only when the channel sounding is needed to support closed-loop transmissions.

The Sounding Zone Presence Indicator should contain the following two key pieces of information:  First, a field to indicate the number of OFDMA symbol intervals that are being allocated to the Sounding Zone (which in most cases can simply be one OFDMA symbol interval).  Second, a field will indicate the position of the Sounding Zone in the UL as measured in OFDMA symbol intervals.  This position field provides flexibility in scheduling the Sounding Zone within the UL.  Placing the Sounding Zone near the end of the UL improves the performance of the closed-loop transmission methods in mobile channels or fixed access SDMA channels.  However, placing the Sounding Zone closer to the beginning of the UL provides the BS with more time with which to process the sounding signals received in the Sounding Zone before the closed-loop transmission is performed.  

3.2 Resource Allocation within a Sounding Zone
The construction of the sounding zone is as follows:  The sounding zone will occupy some number of OFDMA symbol intervals specified in the Sounding Zone Presence Indicator.  The sounding resources in frequency should ideally be allocated to match the downlink frequency allocations so that the UL sounding waveforms can be specified to match upcoming downlink transmissions.  For example, in 802.16e OFDMA PHY with an FFT size of 2048 and the AMC subcarrier permutation, the frequency band is divided into 192 frequency bins, where each bin contains 9 subcarriers.  For sounding purposes within the Sounding Zone, the frequency band is divided into 96 sounding frequency bands, each band containing 192/96 = 2 frequency bins, which means that 18 subcarriers are contained in a sounding frequency band.  The sounding zone therefore consists of a time-frequency grid of 96 sounding frequency bands by a number of OFDMA symbol intervals between 0 (i.e., no sounding zone) and eight.
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Figure 1.
Example Sounding Zone Construction.

3.3 Sounding Instructions

This subsection describes how subcarriers within the sounding zone are allocated (assigned) to a CPE for sounding purposes.  First, the sounding instructions must specify the time-frequency resource to be used by the CPE within the Sounding Zone.  For the purposes of illustration, we define a sounding allocation to be a contiguous set of adjacent sounding frequency bands within one of the symbol intervals in the Sounding Zone, as shown in Figure 2.  The sounding allocation (assignment) then consists of a specification for the symbol interval within the Sounding Zone, first sounding frequency band, and the number of contiguous sounding frequency bands contained in the sounding allocation.  Note that this strategy enables the CPE to sound either the whole channel bandwidth or a subset of the channel bandwidth.  An alternative contained in [1] is to use a bitmapped field in the sounding instructions to point out which sounding bands the CPE should occupy.  
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Figure 2.
An example sounding allocation within the Sounding Zone.

Next, we provide two methodologies for determining how multiple sounding sequences can occupy the same time-frequency resources within a Sounding Zone.  Within a given sounding allocation, a CPE can either occupy all subcarriers within the sounding allocation, or the CPE can occupy a decimated or interleaved (e.g., every Dth subcarrier) set of subcarriers within the sounding allocation.  When multiple CPEs occupy disjoint sets of decimated subcarriers within the sounding allocation, the BS can easily separate the multiple sounding waveforms.  When a CPE occupies every subcarrier within the sounding allocation, then multiple sounding transmissions from multiple CPEs can be separated if the sounding waveforms used by the CPEs have low cross-correlation properties.  Figure 3 illustrates the two methods for separating multiple sounding waveforms within the same portion of the Sounding Zone.  To indicate which methodology is being used to separate multiple sounding waveforms, the sounding instructions must include a “separability type” flag, which indicates whether decimated (interleaved) subcarrier sets are being employed (decimation separability) or whether all subcarriers are occupied by different sequences having low cross correlation (sequence separability).  
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Figure 3.
Two methods for separating multiple sounding transmissions on the same time frequency resources within the Sounding Zone.  Left:  Decimation Separability.  Right: Sequence Separability.

If decimation separability is used, then the CPE must be told which subcarrier offset to use within the allocation.  For example, if every fourth subcarrier is to be occupied across the sounding allocation, then four possible offsets are possible, which means four CPEs can occupy the sounding allocation, where each CPE uses a different offset.  The use of decimation separability allows the CPE to concentrate its transmit power on a subset of the subcarriers within the sounding allocation, which, for a given transmit power, enables the received SNR to be increased compared to when all subcarriers are occupied.  This is especially helpful for mobile devices or low transmit power devices operating in low SNR channels because it increases the per-carrier received SNR for channel estimation albeit at the expense of the frequency tracking performance of the channel estimator.  

If sequence separability is used, then we propose the use of a single sequence by all CPEs that are assigned to the same sounding allocation, but each CPE uses a different frequency-domain phase ramp (corresponds to a cyclic time-domain shift) of the underlying sequence to enable the BS to separate the multiple transmitted sounding signals.  This strategy is described more in the next subsection, which describes the specific sounding sequences that are to be used within a sounding allocation.  

Another important aspect of the sounding instructions concerns how to handle a CPE that has multiple antennas.  To handle this case, the sounding instructions should contain a multi-antenna flag to indicate whether only one CPE antenna is to transmit a sounding sequence or whether each CPE antenna is to transmit a separate sounding sequence.  If all CPE antennas are to transmit multiple sequences, the sounding from each transmit antenna will occupy the same sounding allocation and will be determined based on the separability type.  For sequence separability, each CPE antenna will in turn use a different frequency domain phase ramp applied to the underlying sequence to enable the BS to separately estimate the channel from each CPE transmit antenna.  If decimation separabililty is used, then each CPE antenna will in turn use a disjoint set of decimated (i.e., interleaved) subcarriers (i.e., each CPE antenna will employ a different decimation offset). 

3.4 Sounding Sequences

The sounding waveforms are chosen to enable the BS to estimate the uplink channel for the frequency band corresponding to the sounding allocation.  Several possibilities exist for sounding sequences.  The sounding sequences in [1] are based on the theory of complementary sequences and are obtained by the Golay rule for length expansion [11].  The result is a 2048-bit Golay code master sequence that forms the basis of all required sequences.  In [1], subsets of the 2048-bit Golay code are selected for their favourable peak-to-average power properties.  
An alternative to using PN sequences are to use the Generalized Chirp Like (GCL) waveforms [5], which are non-binary unit-amplitude sequences.  A GCL sequence is expressed as 
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where NG is the length of a GCL sequence (chosen as a prime number as explained below) and u is referred as the class index that is a non-zero integer chosen between 1 and NG.  For different sequence lengths, there are a number of GCL sequences that can be used, which makes them an ideal choice for the sounding strategy being described in this contribution.  The GCL sequence has the following important properties.  First, a GCL sequence has constant amplitude, and its NG -point DFT has also constant amplitude.  Second, the GCL sequences of any length have an “ideal” cyclic autocorrelation (i.e., the correlation with the circularly shifted version of itself is a delta function).  Third, the absolute value of the cyclic cross-correlation function between any two GCL sequences is constant and equal to 1/
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at all shifts is actually the minimum achievable value for any two sequences that have the ideal autocorrelation property (i.e., the maximum value of the cross-correlation at all shifts is minimized which is equal to 1/
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).  This property is important when a number of potential interfering sequences are received, either in a single sector or in a multi-sector environment.  The cross correlation property provides some suppression of the interfering signals during the channel estimation process.  Hence, the channel of the desired CPE can be detected more reliably. 

To specify the sounding sequence to use on a given sounding allocation, the CPE needs to know the length of the sounding sequence to use, which is equal to the number of subcarriers that the CPE will occupy in the sounding allocation. For example, when the sounding frequency resources are divided into bands, if all subcarriers are occupied in the sounding allocation (separability type = sequence separability), then the number of occupied subcarriers is simply the number of sounding frequency bands in the allocation multiplied by the number of subcarriers per sounding frequency band (which is 18 in the prior example).  When decimated (interleaved) subcarrier sets are used within the sounding allocation (separability type = decimated separability), then the number of occupied subcarriers is the number of sounding frequency bands in the allocation multiplied by the number of subcarriers per sounding frequency band (18) divided by the decimation factor.

Once the length of the sounding sequence is determined, the value of NG needs to be determined if GCL sequences are to be used.  In many cases, the required length of the sounding sequence is not a prime number.  In this case, for GCL sequences, we propose to choose NG to be the smallest prime number that is larger than the desired length, and then truncate the sequences computed according to (1) to the desired length.  An alternative is to choose the largest prime number that is smaller than the desired length, then cyclically extending the sequences to the desired length.  Note that when either modification is performed, the aforementioned three properties will only hold approximately, but will hold very well when the sequence is long.

Finally, to determine the sounding waveform when GCL sequences are used, the value of u needs to be determined.  The determination of u can be based on a unique identifier of the sector of the BS and a frame number identifier so that different sectors and different BSs will be assigned different values for the underlying sequence.  The advantage with this approach is that reliable channel estimation can be performed when a BS receives multiple sounding waveforms from co-channel interfering CPEs located in adjacent sectors or in adjacent cells.  This is the approach taken in [1].
When sequence-style separability is used (where all subcarriers are occupied in the sounding allocation), multiple sounding transmissions within the same sounding allocation can use the same sequence index.  However, the different sounding transmissions can each use a different frequency domain phase ramp (time-domain cyclic shift) value to enable the BS to reliably estimate the multiple channels.  In this case, the sequence determined by equation (1) is modified as follows to obtain a set of P orthogonal sequences.  The mth orthogonal sequence is then determined as:
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where su(k) is given in (1), and m ranges from 0 to P-1.  Note that if P=N/LCP, where N is the FFT size and LCP is the cyclic prefix length, then the sequences are effectively being shifted in the time domain by multiples of the cyclic prefix length.  In the sounding instructions, the CPE will be told the value of m to be used in (2).  The value of P should be signalled in the sounding instructions.
4 UL Channel Sounding Operation
In this section, the operation of UL channel sounding is described using the language and terminology of IEEE 802.16e [1].  Once the sounding instructions are formulated by the BS, an explicit message can be included in a broadcast control message and this method is described in this subsection using the language and terminology from IEEE 802.16e [1].  In 802.16e [1], the UL_Sounding_Command_IE() is an UL-MAP entry that contains a complete set of sounding instructions.  The UL_Sounding_Command_IE() has the flexibility to simultaneously provide sounding instructions for multiple CPEs across multiple OFDMA symbol intervals within the Sounding Zone.  

Figure 4 contains a time-frequency diagram showing how the Uplink channel sounding methodology supports closed-loop transmission.  First an indicator (the PAPR / Safety Zone / Sounding Zone IE) in the UL MAP signals the presence and characteristics of the Sounding Zone, which in this example is one OFDMA symbol interval at the end of the UL frame.  The UL_Sounding_Command_IE() then instructs CPE#1 to transmit sounding in the UL Sounding Zone.  In the next DL frame, the BS transmits to CPE#1 on the same frequency band that was sounded by the CPE in the prior UL frame.  Having the frequency occupancy of the sounding waveform match the frequency occupancy of the upcoming data transmission enables the BS to determine the UL channel response on the requires frequency subcarriers.  
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Figure 4.
Uplink sounding resource assignment along with a closed-loop data transmission in the subsequent downlink.

For efficiency, the sounding instructions can be combined with the allocation information that specifies a downlink transmission.  This can be achieved in two ways as shown in Figure 5 and Figure 6.  Figure 5 shows how a data allocation can simultaneously provide data allocation information and a command to the CPE to sound in the next UL Sounding Zone in anticipation of a subsequent downlink data allocation.  Figure 6 shows how a data allocation message can allocate a downlink data transmission in the next downlink while simultaneously allocating a sounding command in the immediately prior Sounding Zone.  
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Figure 5.
Combining a data allocation with a future sounding command.  
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Figure 6.
Combining a data allocation with the associated sounding command.  

5 Performance in an IEEE 802.16e-like system

In this section, we provide a comparison of adaptive beamforming techniques (specifically maximal ratio transmission) based on UL channel sounding with other 802.16e-based closed-loop techniques in an OFDM system similar to 802.16e.  The base station has four transmit antennas and transmits a single data stream on a 20MHz broadband downlink allocation.  The UL channel sounding is performed with the sequence separability with a P value of eight, where eight CPEs simultaneous sound the uplink each with an SNR received at the BS of 0dB.  Channel estimation based on the knowledge of the sounding waveforms is performed at the BS during the Sounding Zone.  The spatial channel model used in the simulation was a COST-259-style spatial channel model with a 2usec RMS delay spread and a 15º multipath angular spread at the base station.  The CPEs were stationary (zero mph) and had ideal channel knowledge during downlink data reception.  

Figure 7 compares several 802.16e closed-loop transmission techniques with UL channel sounding-based adaptive beamforming: (1) beamforming with codebook feedback, (2) antenna selection (3) antenna grouping, and (4) the four-antenna rate-one space time code [1].  As shown in Figure 7, beamforming based on UL channel sounding performs better than all other 802.16e single stream closed-loop feedback-oriented approaches.  Beamforming based on UL channel sounding provides higher throughputs at lower SNR.
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Figure 7.
Comparison of UL Channel Sounding-based beamforming with other 802.16e-based closed-loop techniques.

6 Benefits of UL Channel Sounding
UL channel sounding has a number of advantages over existing methods of providing a BS with downlink channel information in TDD systems.
· UL Channel Sounding enables all closed-loop antenna array transmission schemes such as beamforming, MIMO and SDMA on the downlink.  The advantages are higher link capacities, higher per-user and per system throughputs, and less interference to other cells.  Furthermore, for example, the feedback schemes in 802.16e [1] cannot support SDMA.
· ULCS enables future-proof adaptive array implementations.  The ULCS strategy simply provides the channel response information and the subscriber need not know how many antennas the BS has.  Feedback methods must know how many antennas the base has.  Furthermore, changing the feedback scheme involves changing the CPE, which is generally undesirable.
· Minimal impact on CPE:  In ULCS, the CPE simply transmits a waveform upon request.  The complexity behind the transmit array processing scheme is at the BS rather than the CPE.  In codebook feedback schemes [12], the CPE must perform downlink channel estimation followed by determining the best codebook vector channel, which can be a high complexity process.  The main impact of ULCS on a CPE is that pilot signals transmitted during the data transmission must be beamformed with the same transmission algorithms as the data so as to enable the CPE to estimate the complete downlink channel response (which includes the beamforming and the multipath channel).  In other words, the CPE must use only pilots that are part of its data allocation, because leveraging pilots in allocations intended for other CPEs will not provide appropriate channel response information.
· Channel Estimation:  the problem of channel estimation is much more difficult in a feedback scheme than in an UL channel sounding scheme.  Consider the case where the BS has eight transmit antennas and the CPE has a single receive antenna.  In an UL channel sounding scheme, the BS must estimate the channel between its eight antennas and the single transmit antenna.  In contrast, in a feedback scheme, the air interface must enable the CPE to estimate the channel between its antenna and the eight transmit antennas (an eight-source channel estimation problem, which is much more difficult).
· ULCS efficiently handles asymmetric bandwidth occupancy of UL and downlink transmissions.  If the uplink data transmissions occupy only a small contiguous portion of the uplink frequency band, then some downlink algorithms (e.g., SDMA) will not be provided with adequate channel response information.  In those cases, the UL sounding waveforms can be used to provide the necessary channel response information.
· ULCS has a highly efficient waveform design that allows for multiplexing multiple sounding waveforms to many users on the same sounding resources.  The waveforms are configurable to support low SNR uplink conditions and high delay spread scenarios, all under the control of the BS.  
· Channel measurement latency: In TDD, feedback schemes tend to have much higher latency between when the channel is estimated and when the DL transmission takes place.  With ULCS, the theoretical minimum latency can be just a few OFDMA symbol intervals because uplink transmissions occurring at the end of the UL can be used by the transmission algorithm in the first few symbol intervals of the subsequent DL.  However, in a feedback scheme, the channel is measured in a DL portion and the relevant information is fed back on the next UL for use on the next DL.  As a result, the theoretical minimum latency for a feedback scheme in TDD is equal to the minimum latency of the reuse scheme plus the duration of the UL.  However, if the DL preamble is used to measure the DL channel, then the minimum latency is at least the duration of a complete frame (DL&UL).  This difference in latency can have serious consequences on the performance of closed loop transmission schemes in mobile channels and even in fixed access schemes implementing spatial division multiple access.
· In 802.16e OFDMA systems, ULCS-based beamforming performs better than the other closed-loop single-stream feedback oriented approaches (See Figure 7).  
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Abstract


This document describes a signaling methodology called Uplink Channel Sounding (ULCS) which is an effective means for providing channel response information to a base station antenna array in Time Division Duplexing (TDD) systems.  Uplink Channel Sounding enables a wide variety of closed-loop transmit antenna array techniques such as adaptive beamforming, downlink Spatial Division Multiple Access, and closed-loop Multiple Input Multiple Output (MIMO).  A version of ULCS is currently used in the IEEE 802.16e standard for Mobile Broadband Wireless Access and recently has been included in the release 1 system profiles for mobile WiMAX systems.  Enabling closed-loop transmission techniques such as beamforming and SDMA can significantly increase system capacity, which is essential for a competitive 802.22 standard.  
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