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1
Introduction

In this contribution, we discuss various issues to be taken into account when deciding on the multiplexing structure of control channels and the user data channel in an orthogonal uplink. 
We will consider the following uplink channels:

· DL support channels

· ACKCH and CQICH

· UL access

· Random access channel (RACH)

· UL control

· Request channel (REQCH)

· Shared control channel (SCCH)

· UL data

· Shared data channel (SDCH)

The major considerations for choosing a proper multiplexing scheme for UL control and data channels discussed in this document include latency (HARQ retransmission, REQCH, CQICH), UL control channel and data capacity, flexibility of resource partitioning between UL control and data, the effect for the control/data link budget, PAR, power control and certain implications for handoff and MAC logic.   

2
ACK Channel

2.1
Issues

Similar to HSDPA, the ACKCH contains 1-bit and acknowledges DL transmissions. The stringent LTE delay requirements place design constraints on the ACKCH.
Latency and receiver processing 
According to the LTE RAN latency requirements, the total air interface delay should not exceed 4-5ms. The round-trip time (RTT) includes demodulation/decoding of a DL data packet at the UE, encoding/transmission of the ACKCH, its demodulation and subsequent scheduling of the next DL packet at Node-B. 
With multiple DL HARQ processes per RTT, the TTI for ACKCH needs to be small – possibly smaller than the 1-slot (0.66..ms) duration for HSDPA.
Asynchronous deployments 
ACKCH should be robust to inter-cell interference variations that may take place in the absence of frequency planning. This means, in particular, no synchronization between data and control segments of different cells, hence UL control (including R-ACKCH) can interfere with the other–cell UL data and vice versa.  

Error Rates
ACKCH should be designed to support very low error rates – typical HSDPA operation calls for 
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. This should be supported across the cell layout.

2.2
Multiplexing Options

2.2.1
Orthogonal ACKCH

In an orthogonal multiplexing scheme, every ACKCH occupies one or more orthogonal dimensions in time and/or frequency – certain tones in a number of xFDM symbols. Alternatively, a group of ACKCH can share the same set of modulation symbols in an orthogonal fashion by using orthogonal code multiplexing over this set of symbols. 
Capacity of orthogonal multiplexing schemes is determined by the number of occupied dimensions, as well as the level of inter-cell interference PSD relative to the thermal noise PSD. Link budget is defined by the total PSD of inter-cell interference and thermal noise, along with other considerations.
Since ACKCH carries only 1-bit, the number of dimensions needed is small. There are, however, other factors that drive the number of dimensions:
· Channel and interference diversity

· In the presence of frequency selective fading and interference variations across the band, ACKCH requires frequency diversity in order to achieve target performance with reasonable Eb/No requirements.  

· Interference estimation

· If dual-state BPSK signaling is not applied, interference PSD needs to be estimated for threshold selection, especially in the presence of possibly large interference variations. Hence some dimensions might need to be reserved for interference estimation.   
· Coherent signaling

· In the case of coherent signaling/demodulation, pilot symbols are needed to provide channel phase information. 
With these issues in mind, we can address the required sizing of ACKCH for various multiplexing strategies. 
2.2.1.1
Pilot Structure

Pilot overhead can be avoided by resorting to non-coherent signaling such as orthogonal signaling or dual-state OOK. With OOK, the Node-B cannot distinguish between a missed DL control channel (DTX) and erroneous DL packet transmission (NAK).

2.2.1.2
Interference Estimation

The minimum number of dimensions per ACKCH is defined by number MC of clusters needed to achieve a suitable order of channel and interference diversity. Additionally, some dimensions need to be reserved for interference estimation in the vicinity of every cluster. Interference estimation overhead can be reduced by grouping ACKCH of different UEs in a time/frequency region so they can share the same interference estimates. The more users can share the same interference estimates, the less is the overhead. 
One can measure interference PSD off the same tones that carry ACKCH. This can be achieved by orthogonal code multiplexing of ACKCH corresponding to different UEs – similar to the DL EUL ACKCH. 
One can reserve MS modulation symbols, preferably contiguous tones and symbols, to multiplex MA ACKCH where MA< MS. The MA ACKCH use MA orthogonal codes out of MS codes over MS dimensions. The unused (MS - MA) codes are reserved and used by Node-B to obtain (MS - MA) interference estimates. With this scheme, the number of dimensions per ACKCH reserved for interference measurement is (MS /MA - 1) while the total number of dimensions per ACKCH is MC·MS/MA. 
Since interference estimation accuracy depends on the absolute number (MS - MA) of measurements, overhead reduction can be achieved by increasing the number of modulation symbols MS and the number of ACKCH MA per cluster.  Note that the growth of MS leads to the increase of the time and/or frequency span of the cluster and therefore loss of orthogonality between different ACKCH on time and/or frequency selective channel.  
Note that orthogonal code multiplexing also benefits link budget without claiming any additional dimensions.

2.1.2.3
ACKCH Resource Allocation


Note that while the total number of active users in the system may be large, the maximum number of users that need ACKCH resources is limited to the maximum number of simultaneous channels on the DL. 
Therefore ACKCH resources can be allocated based on DL channel based allocation.

With a fixed relationship between each DL channel and the corresponding ACKCH resources on UL, UE will infer its ACKCH assignment from its DL assignment. For the DL assignments that span multiple DL channels, a simple rule can specify the channel within multi-channel assignment that determines its ACKCH assignment. 
DL assignment based ACKCH can lead to collisions in the case of error events with DL re-assignments. This issue can be resolved by using dual state OOK for ACKCH.
2.2.2
Contention based ACKCH

The ACKCH from multiple UEs can be multiplexed in a non-orthogonal manner, possibly together with other UL control and/or data channels, over a contention segment that represents a fraction of the total bandwidth and time. 
An example of a contention based multiplexing is DS-CDMA wherein a UE is assigned a set of spread and scrambled channelization codes. The capacity of such a channel is defined by the total number of dimensions allocated to the control segment, the number of Rx antennas, the RoT (rise over thermal) at Node-B and whether interference cancellation is applied at the Node-B receiver.

Unlike orthogonal multiplexing schemes, contention based channels share the same time/frequency resources, hence the amount of resources is based on the typical instantaneous load of the segment rather than the total number of channels in the segment. The amount of resources needed for ACKCH is therefore determined by a typical number of UEs simultaneously transmitting ACKCH rather than the maximum number of DL channels.  Hence, contention based approach allows for a flexible scaling of the ACKCH resources from a small overhead in the case of delay-tolerant traffic (small number of simultaneous DL transmissions) to a larger overhead in the case of latency sensitive traffic such as VoIP (large number of simultaneous DL transmissions). This argument relies on statistical multiplexing of various channels in the contention segment, to make sure that the instantaneous load of the channel (e.g. the number of simultaneously transmitted ACKCH) is substantially smaller than the maximum possible load (the maximum number of DL channels) with high probability. 
2.2.3
Orthogonal vs. Contention based ACK

As stated earlier, the capacity of a contention based ACKCH is limited by inter-cell interference and residual intra-cell interference (after interference cancellation, if it is employed at the Node-B). This is quite different from orthogonal multiplexing schemes where no intra-cell interference is present. 
3
CQI Channel 

3.1
Issues

As in HSDPA, CQICH needs to be transmitted by every active UE, with a transmission rate that allows for an accurate rate prediction. Multiple CQICH can be assigned to a UE in order to support DL frequency sensitive sub-band scheduling, precoding and adaptive sectorization (communicate CQI values per beam) etc. 
If a pilot is not always present in the uplink, a continuous presence of CQICH makes it a viable reference for UL power control for any active UE, as long as the CQICH spans the entire band. The erasure rate of CQICH may be used as a criterion to control the CQI Tx power, while relative power offsets may be used to infer the power settings for other UL control and data channels. 
CQICH can also be used for fast cell selection, as is being proposed for HSDPA enhancements. 
3.2
Multiplexing Options

3.2.1
Orthogonal CQICH
Most of the observations made for orthogonal multiplexing of the ACKCH apply to CQICH as well. 
However, unlike ACKCH, CQICH messages contains several bits – for instance, the CQI for Release 5 HSDPA contained 5-bits. Therefore, CQICH will take more dimensions to communicate a single message. For fast cell selection, every Node-B needs to reserve CQI dimensions for all UEs having this Node-B in its active set, in order to support handoff.
3.2.2
Contention based CQICH

Similar to ACKCH, DS-CDMA may be used as a contention based multiplexing of ACKCH from different UEs, possibly together with other UL control and/or data channels, over a contention segment that represents a fraction of the total bandwidth and time.
3.2.3
Orthogonal vs. Contention based CQICH

With interference cancellation at the Node-B, the capacity of a contention based CQICH is dictated by the residual intra-cell interference PSD (after cancellation) plus inter-cell interference, while the capacity of an orthogonal CQICH is dictated by the dimension limits and inter-cell interference. Regardless, the overall system link budget needs to be considered from both the UL data and control channels.
Some benefits of a contention based CQICH include: 
· Flexible load control

· Statistical multiplexing with other UL control channels

· Rate adjustment flexibility
· CQICH could have variable rates depending upon mode of operation (MIMO, sub-band scheduling)

· In a contention multiplexing scheme, a variable rate CQICH is easily supported as it only affects control segment load, while statistical multiplexing between CQICH of different users will make the total load stable

· In an orthogonal multiplexing scheme, efficient support of variable rate CQICH is somewhat more challenging as it affects the number of dimensions allocated
· UL broadband pilot

· A continuously transmitted CQICH may be used as a broadband UL pilot, used for UL frequency selective scheduling

4
Miscellaneous Channels
4.1
Request Channel
As in EUL, REQCH can carry information about UE buffer level for each QoS queue and can be the used by UL scheduler at Node-B. REQCH may be also used to initiate UL handoff, when it targets a non-serving Node-B within the UEs active set. 
Just like CQICH, REQCH carries few to several information bits. The similarities between CQICH and REQCH suggest similar considerations for REQCH design. Note that unlike the regularly transmitted CQICH, REQCH is transmitted only when UL resources are requested by the UE. This feature makes contention based multiplexing attractive for REQCH, since it can benefit from statistical multiplexing with other UL control channels. Orthogonal multiplexing of REQCH is not very beneficial, since dimensions assigned to REQCH are not used most of the time.
4.2
Random Access Channel

The RACH probe procedure can be very similar to that used in EUL. Note the following:
· Access probe needs to span many dimensions to allow for a large number of possible signatures and ensure a low collision rate

· At the moment of initial access, UE is not time synchronized with the Node-B. Given that the access probe timing can by derived by the UE from the DL CPICH, the initial timing error can be as much as a roundtrip time between the UE and Node-B. This timing error leads to the loss of orthogonality between ACH and orthogonal UL transmissions. Hence, guard time and guard band should be provided. 

· Access probes are not power controlled by Node-B

The guard time/band become relatively inexpensive in a contention segment that occupies a substantial fraction of system bandwidth and a time slot much larger than the expected roundtrip time (60us for 10km cell radius). Further, in a contention channel, interference PSD variations caused by access probes at the receiver will be partly mitigated due to statistical multiplexing.

The above features of RACH make it suitable for the contention based multiplexing with other UL channels.
4.3
Broadband Pilot Channel

Broadband pilot channel (BPICH) is an UL channel used by the UE to convey channel UL CSI to Node-B. As mentioned before, this CSI can be used to enable accurate UL rate prediction and frequency sensitive scheduling. This channel doesn’t have to be transmitted continuously and therefore, will benefit from statistical multiplexing with other contention-based UL channels thereby increasing the value of UL contention based segment. 
5
Multiplexing of Control and Data
5.1
Contention based Control
With orthogonal UL traffic multiplexing, a contention based control segment should be sent in TDM and/or FDM with UL traffic. Note that a fully FDM design should be avoided whenever PAPR is important since it would hurt UL traffic capacity across all UL interlaces. Additionally, FDM would result in a relatively small bandwidth allocated to the control segment, hence reducing the efficiency of RACH and BPICH. 
5.1.1
Period
Period of TDM the contention segment should be chosen as the minimum of the periods of all channels in this segment. 
Among the UL control channels described above, ACKCH has the most stringent period requirements since ACK resources should be allocated so as to acknowledge the data on every DL interlace. Hence, ACKCH period should be of the order of DL TTI duration, i.e. 0.5-0.7 ms in the worst case. Typically, it can be longer for the lower bandwidth scenarios.
A period of 2-4 ms might be acceptable in terms of request latency, rate prediction and power control for the remaining UL control channels. Hence, it may be possible to have TDM control segment that will be FDM with UL traffic on a few interlaces only. This will reduce PAPR effect from UL traffic / control multiplexing to a single UL traffic interlace only. 

5.1.2
Scalability  

The contention segment can scale in time and/or frequency domains. Whenever the contention segment occupies a limited fraction of the entire bandwidth, this segment may hop in time so as to cover the entire band.
5.2
Orthogonal Control

In the case of orthogonal UL traffic multiplexing, an orthogonal based control segment should be sent in TDM and/or FDM with UL traffic. 

5.2.1
Dimension Allocation

For localized FDMA or OFDMA data multiplexing, where UL resources are allocated in units of contiguous time/frequency blocks with dedicated pilots inside every block:

· Control clusters corresponding to different groups of users can be grouped so as minimize the number of blocks punctured by orthogonal control channels
· Control clusters should be planned in such a way that every cluster overlaps with one or more dedicated pilot symbols of UL data blocks in the adjacent sectors/cells, to ensure that inter-cell the interference caused by control clusters can be measured. 
5.2.2 PAR

In orthogonal UL traffic design (xFDMA), par reduction can be achieved by through (i) TDM various parts of the control channel and traffic as much as possible and (ii) applying single carrier (time domain) modulation for various control channels. The right tradeoff between PAPR induced by FDM of various parts of control and traffic channel on one hand, and implications of TDM on the performance of control channels, on the other hand, depends on the exact control/traffic multiplexing structure and should be carefully evaluated. 

Summary                                                    
In this document, we discussed control channel design and the implication on multiplexing with an orthogonal data channel. These aspects need to be carefully evaluated against the various type of traffics and deployment scenarios to be supported by E‑UTRA.
- 1/6 -

_1186383394.unknown

_1186383414.unknown

