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1. Introduction 
Randomization of interference, be it in-cell, or out-of-cell, has been an established practice in wireless cellular systems. For example, the entire WCDMA transmission is scrambled by a long UE-specific PN scrambling code, the goal of which is to randomize the interference to users in near-by cells, both “spatially” [PN-property of the code] and “temporally” [long-property of the code]. Another example is SC-OFDMA reference signal transmission, where different root CAZAC sequences are allocated to adjacent cells, which achieves “spatial” interference randomization. However, the “temporal” interference randomization is still a missing component in the EUTRA working assumptions. Consequently, this document describes reasons why should such temporal interference randomization be supported by the EUTRA, and how to achieve it using reference signal “sequence hopping.” 
2. Background on Sequence Hopping

Depending on the sequence length, there a total of N [finite] available CAZAC reference signal sequences with desired properties [time, frequency, cross – correlation, etc.]. Furthermore, each sequence can be denoted as 
Sn = Sn [k].

In the above equation, “k” is the index of the particular element of the sequence, while “n” is the index of the reference signal (RS) sequence itself. RS sequence hopping is described as follows. Any given UE changes the transmitted uplink RS sequence across the consecutive RS symbols. For example, if a particular UE transmits a particular RS sequence Sn during the current RS symbol, then it (UE) transmits an alternate RS sequence [for example: Sn+1] during the next RS symbol. In general, a particular UE transmits RS sequences S1, S2 … SN [not necessarily in this order, and not necessarily the entire set] during the N RS symbols. This process is then repeated. An example of this is given in Figure 1 below.  


[image: image1]
Figure 1: An Example of Pilot Sequence Hopping – UE transmission
Note1: While a particular UE in the EUTRA network may switch between sequences in the sequential hopping order S1 → S2 → … → SN [which is shown in the Figure above], a different UE may switch between sequences in a different order. For example, hopping order of another UE may be SN → … → S2 → S1.  
Note2: It can also be permitted [and often desired] that a group of UEs have the same hopping order. For example, the set of UEs from the same cell [or alternatively – same sector] may employ the same hopping order. Another group of UEs, from a neighboring cell [or neighboring sector] may have a different hopping order. 

3. Reasons for Sequence Hopping
With RS sequence hopping, the cross-correlation between the RS signal of interest, and interfering RS signals, changes across time in a random fashion. Thus, RS interference will exhibit temporally white properties, which is an important mechanism in avoiding persistent CQI and channel estimation errors. 

3.1. Sequence Hopping for Sounding Reference Signal

Sounding RS is a wide-band reference signal which can be transmitted periodically, perhaps every TTI or every few TTIs. The existence of a sounding RS is one of the EUTRA working assumptions, and the purpose of sounding RS is channel quality (CQ or CQI) estimation. In turn, a good performance of channel quality estimation is an imperative for EUTRA, which will be a scheduled system, where the choice of MCS depends on the channel quality estimate. Consequently, since the sounding RS transmission suffers from OCI, so does the channel quality estimate. Due to this OCI, certain percentage of errors in CQI estimation will be unavoidable, and must be tolerated by the EUTRA system. However, the hazardous scenario where same CQI errors are repeated, across several consecutive TTIs, can be avoided using sounding RS sequence hopping. 
Basically, were it not for the sounding RS sequence hopping, then the same realization of the interference random variable will be present across consecutive soundings of the channel. Thus, without the sounding RS hopping, the uplink scheduler is bound to repeat same errors [for a particular UE], over and over again. Consequently, any particular UE will be prone to repeated erroneous scheduling. Such hazardous scenarios are avoided by simple sounding RS sequence hopping, which in turn results in temporally white interference for the sounding RS. Consequently, with sounding RS sequence hopping, errors in CQI estimation will not be repeated across consecutive channel soundings. Thus, overall, sequence hopping for the sounding RS will result in an overall robust channel sounding for EUTRA.  
3.2.  Sequence Hopping for Demodulation Reference Signal

The primary option for EUTRA is frequency scheduled SC-OFDMA, whereas frequency hopping is considered as a secondary alternative. In frequency scheduled systems, and consequently in EUTRA, the demodulation RS will be transmitted inside a resource block (RB) where data is being transmitted as well. Furthermore, since frequency scheduling is performed based on channel conditions, any slow-moving UE will tend to remain scheduled inside a particular RB, across a number of consecutive TTI transmissions. This is verified using full-buffer system simulations below, where the goal was not to evaluate system throughput, but rather to evaluate the tendency of PF schedulers to keep scheduling one UE on a particular RB, over and over again.
Table 1: System Simulation Assumptions
	Parameter
	Assumption

	Cellular Layout
	Hexagonal Grid; 19 NodeBs
Three Cells Per NodeB

	User Drop
	Uniformly Inside the Cell

	Minimum Distance Between UE and Tower
	35 m

	NodeB Antenna Bore Site 
	Towards Flat Side of the Cell

	Inter – Site Distance
	500 m

	Shadowing Standard Deviation
	8 dB

	Path Loss
	128.1 + 37.6log10(R) where R is in kilometers  

	Shadowing Standard Deviation
	8 dB

	Shadowing Correlation
	Between Cells 
	1.0

	
	Between NodeBs
	0.5

	Penetration Loss
	20 dB

	Antenna Pattern
	A = - min {12 (θ / θ3dB)2, 20dB}.

θ3dB = 70 degrees

	System Bandwidth
	2.5 MHz @ 2 GHz

	Numerology
	RB size
	24 Sub – Carriers 

	
	Number of RBs
	6

	Channel Model
	SCM – C 

	UE Velocity
	3kmh

	UE Power Class
	24dBm 

	Number of UE Antennas
	1

	Number of NodeB Antennas
	2

	Receiver Equalizer
	MMSE; Lookup BLER

	Channel Estimation Penalty
	1dB

	UE Antenna Gain
	0dBi

	NodeB Antenna Gain
	14dBi

	Number of UEs per NodeB/Cell
	18/6

	HARQ Type
	Chase Combining

	Maximum Number of Retransmissions
	5

	HARQ Retransmission Delay
	5 TTI

	Traffic Model
	Full Buffer

	Scheduler 
	Proportional Fair

	Scheduling Delay 
	1 TTI

	Uplink Power Control
	Slow with 40 TTI Period

	MCS Set
	QPSK: {1/5, 1/4, 1/3, 1/2, 5/8} 

	
	16QAM: {1/3, 1/2, 5/8, 3/4}
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Figure 2: Percentage of RBs occupied by same UE across consecutive TTIs; SystemSim Trace 1.
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Figure 3: Percentage of RBs occupied by same UE across consecutive TTIs; SystemSim Trace 2.
The output taken from the system simulation is a conditional probability: that a PF scheduler will schedule UE#X on RB#Y in the next TTI, given that UE#X is scheduled on RB#Y in the current TTI. From both system-simulation trace files [Figure 2 and Figure 3], this conditional probability is close to 90% in a steady-state operation of EUTRA. Such results are not surprising: once an RB with good channel conditions is found for a particular UE, that UE will “camp” within that RB until channel conditions change. Thus, we can expect that any given UE remains scheduled on a particular RB for several consecutive TTIs. Consequently, if RS sequence hopping were not employed by UEs, the same RS error [due to OCI] which is observed in the current TTI, will also be carried over to all subsequent TTIs. Such pitfalls are avoided by simple sequence hopping for the demodulation RS.
4. Methods for Sequence Hopping

RS sequence hopping permutation is the particular order in which the RS transmission hops between transmitted sequences Sn. A particular RS sequence hopping permutation can be shared among a group of UEs. For instance, all UEs within one sector may employ a common order, when hopping between pilot sequences. All UEs inside a neighboring sector [can also be a neighboring base - station] employ a different hopping order. In general, a particular sequence hopping permutation may be pseudo – random, or [spatially] planned.

4. 1
Pseudo – Random Hopping Permutations

In this case, each hopping permutation is selected in a pseudo - random fashion. For such pseudo – random hopping permutations, no attention is dedicated to the cell planning, and re – use of sequences between cells. Pseudo – Random hopping permutations have the advantage of simplicity, but collisions are not deliberately avoided. For this reason, coordinated hopping patterns are preferred. 
4. 2
Spatially Planned/Coordinated Hopping Permutations

Here, each hopping permutation is designed with a spatial constraint in mind. The most attractive example of a spatial constraint is as follows. Constraint: UEs from any two neighboring sectors [of the same or different cell] are not allowed to share the same pilot sequence at the same time, on the same frequency resource (set of sub - carriers). This means that UEs from any two neighboring sectors shall use distinct pre–defined hopping permutations. This Constraint is there in order to avoid “direct collisions” between transmitted pilot signals from any two neighboring sectors [or cells]. This Constraint involves spatial planning of pilot hopping permutations. 

Examples: Suppose there are N available pilot sequences altogether. We can construct N different hopping permutations as follows:

Permutation1 [P1]:
S1 → S2 → … → SN -1 → SN
Permutation2 [P2]:
S2 → S3 → … → SN → S1

Permutation3 [P3]:
S3 → S4 → … → S1 → S2
 

…

Note that any pair of different hopping Permutations [for example, Permutation1 and Permutation2] doesn’t have the same sequence transmitted during the same time. By this, we mean that in P1, sequence S1 is transmitted during the first pilot symbol, while in P2, a different sequence (S2) is transmitted during the first pilot symbol. Now, hopping patterns can be designed as in Figures below.  

Figure 4: An Example of a Spatial Pattern for Planned Hopping Permutations


                Figure 5: An Example of the Spatial Pattern for Planned Hopping Permutations

Figure 4 can be regarded as appropriate for the case where different CAZAC sequences are re-used across different cells of a NodeB (at any given time), and Figure 5 can be regarded as appropriate for scenario where RS between different cells of a NodeB is orthogonalised using distinct cyclic shifts of a CAZAC sequence. More methods and discussions on sequence hopping can be found in [6, 20]. 
5. Conclusion
The support for RS sequence hopping in EUTRA avoids important hazards where either: a) particular UE is consistently scheduled using a wrong MCS across consecutive TTIs, or b) where a particular streak of erroneous channel estimates (and BLERs) continually occurs across consecutive TTIs. The reason is that RS sequence hopping achieves spatially white interference. A number of various methods for RS sequence hopping can be crafted, but in either case RS sequence hopping should be adopted as a working assumption for EUTRA. Additional support for sequence hopping can be found in [6, 7, 20, 26]. 
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