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1 Introduction

In [1], we have outlined a general method to produce so-called frequency-hopping (FH) pilot patterns for channel estimation in OFDM-based EUTRA system. The method offers a potential for generating a large number of pilots with small number of hits (so-called near-orthogonal pilots).

The method is based on the application of the sets of frequency-hopping sequences with small cross-correlation between any two sequences from the set. In this contribution we show how such relatively large sets of frequency-hopping patterns can be constructed for given pilot repetition period in frequency M and how they can be practically deployed in the simulations.
2 Frequency-Hopping Pilot Patterns
If  fa(j,t) is the frequency of the j-th reference symbol in t-th subframe of a-th pilot pattern, then it can be represented as 

 fa(j,t)= (j-1)M + sa(t),    j=1,…, Np,




















(1)

where  M is the period of pilot tones in the frequency domain, Np is the number of pilot tones in each OFDM symbol carrying pilot tones, and sa(t) is t-th element of a-th  periodic FH sequence of length (period) L. In this way it is ensured that the distance in frequency domain between the successive reference symbols is constant and the same in all OFDM symbols carrying pilot tones. It can be also viewed as if a FH sequence is added to the equidistant frequencies of a fixed time-frequency grid. 

It should be noted that the FH sequence {sa(t)} can have all the elements the same, e.g. sa(t)=a, where in each new sub-frame a reference symbol “hops” to the same frequency . In this case the different cells might have the different (orthogonal) constant-value FH sequences. Another possibility is that sa(t)=C , i.e. there is just one constant-value FH sequence that is common to all cells. In that case the formula (1) defines so-called TDM pilots [2].

The set of integer sequences {sa(t)}, a=0,1,2,…,N-1, of length L can be generated by the corresponding different associated polynomials of at most degree k, with a common argument function e(t) that is a sequence of elements of a Galois Field GF(Q). Mathematically, they can be described as 

sa(t)= Pa[e(t)], 
t=0,1,…,L-1






















(2)

Pa(z)=
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(3)

where Pa(z) is an associated polynomial of a degree k, whose argument function e(t) is a sequence of elements of a Galois Field GF(Q), and where multiplications and additions in the polynomial Pa(z) are performed in GF(Q), Q is power of prime less than or equal to M. 

The maximum number of different patterns is Qk+1. It can be easily shown (by finding the difference polynomial of the two associated polynomials) that in this way the maximum number of hits between any two sequences is equal to the product of the maximum order (k) of the polynomials and the maximum number of appearances of the same element in the sequence e(t).

For the applications where the concurrent users of the different pilot patterns (e.g. the base stations in the cellular systems) are not mutually time synchronized, the two general constructions for the sets of pilot patterns are proposed below, based on the specific argument functions e(t) and specific sets of the associated polynomials. All the constructions produce the sets of patterns with relatively small maximum number of hits between any two patterns from a set under arbitrary mutual non-zero periodic time shift.

A)    e(t)= t, 
t=0,1,2,…, Q-1,   











































(4)

where Q is a prime, while wa(k-1) is fixed (i.e. the same in all associated polynomials), and all other coefficients wa(j) take all the values from GF(Q).

This method produces the sets of Qk patterns such that each pair of pilot patterns has at most k hits under arbitrary mutual non-zero periodic time shift. 

B)    e(t)= t, 
t=0,1,2,…, Q-2,   










































(5)

where Q is a power of prime,   is a primitive element of GF(Q), while wa(1) is fixed, and all other coefficients wa(j) take all the values from GF(Q).

This method produces the sets of Qk patterns such that each pair of pilot patterns has at most k hits under arbitrary mutual non-zero periodic time shift. 
Although both above constructions produce the same maximum number of different patterns for given maximum number of pair-wise hits, the construction A has an advantage of producing the sequences having lower pair-wise normalised crossocorrelation k/L.

The above sets of the pilot patterns can be divided into the orthogonal subsets, which can be deployed in multiple antenna transmission (MIMO) systems. Each of the orthogonal frequency-hopping pilot patterns can be allocated for the transmissions from the different transmit antennas at the same base station (or user equipment). The other subset of orthogonal pilot patterns, but from the same set of pilot patterns with limited mutual interference, can be allocated for the MIMO transmissions from different antennas at the other base stations. In that way it is ensured that even MIMO transmissions from the different asynchronous base stations would introduce limited and pre-determined mutual interference in the system.

3 Monte-Carlo Simulations
3.1 Simulation Setup

The two different solutions for the pilots for the channel estimation are compared in the synchronous multi-cell environment:
- The different cells have the different near-orthogonal FH pilot patterns, denoted by the abbreviation ‘ FH-DP ’ . 

- The different cells have the same two-dimensional pilot pattern, while the pilot tones are modulated by the elements of a cell-specific pseudo-random scrambling code [2], denoted by the abbreviation of  ‘ TDM-SP ’. 
  To simulate a realistic multi-cell environment, we use a 7-cell model in our simulation. One is serving cell and the other 6 cells are interfering cells. The signal powers from all the interfering cells are assumed to be equal. The load of the serving cell, as well as of all interfering cells, is 100%, what is the worst case scenario.
The tone repetition periods are selected to be T=7 and M=5, in order to minimize the pilot overhead while preserving the good error rate performances at high speed channels. The value M=5 is selected on the basis of the simulation results shown in the Appendix. As it can be seen there, the differences between the performances of the FH-DP pilot patterns with M=3,4 and 5 and the TDM-SP pilot patterns with M=2 [2] are less than 0.2 dB at all velocities, while the pilot overhead of TDM-SP pilots is more than double compared to FH pilots with M=5.

The Tables 1 and 2 contain the FH sequences that are used in different cells (7-cell simulation model) for the generation of the two-dimensional FH pilot patterns. These sequences are obtained from (2), (3) and (4), for M=Q=5 and k=1. As the simulations are performed for the synchronous system, it is allowed that the FH sequences in different cells might be the cyclic time shifted versions of each other. 
The FH sequences in the case of 2 transmit antennas are grouped into the pairs of orthogonal sequences, so that orthogonal FH sequences are used for the concurrent transmissions from two antennas in each cell. The TDM-SP pilot patterns for two transmit antennas are frequency multiplexed, i.e. interlaced in the same OFDM symbols.
Table 1: FH sequences for one transmit antenna

	Cell ID=a
	{sa(t)}

	1
	{0 1 2 3 4}

	2
	{1 2 3 4 0}

	3
	{2 3 4 0 1}

	4
	{3 4 0 1 2}

	5
	{4 0 1 2 3}

	6
	{0 2 4 1 3}

	7
	{1 3 0 2 4}


Table 2: FH sequences for two transmit antennas

	Cell ID=a
	{sa(t)}

	
	Antenna 1
	Antenna 2

	1
	{0 1 2 3 4}
	{2 3 4 0 1}

	2
	{1 2 3 4 0}
	{3 4 0 1 2}

	3
	{0 2 4 1 3}
	{2 4 1 3 0}

	4
	{1 3 0 2 4}
	{3 0 2 4 1}

	5
	{0 3 1 4 2}
	{2 0 3 1 4}

	6
	{0 0 0 0 0}
	{2 2 2 2 2}

	7
	{1 1 1 1 1}
	{3 3 3 3 3}


The complete list of simulation parameters is given in Table 3. 
In all simulation scenarios, 10% of the maximum available total power is assigned to the pilot channel. For the fully loaded interfering cell, with T=7 and M=5, and single antenna transmission, it follows that the ratio of the pilot tone power Pp to the data tone Pd power is equal to Pp/Pd=3.78. For the transmission from 2 antennas, Pp/Pd=3.67.
Table3: Simulation parameters

	Transmission BW
	5MHz

	Carried frequency
	2GHz

	Sub-frame duration 
	0.5 ms

	Sub-carrier spacing
	15kHz

	Sampling frequency 
	7.68 MHz

	FFT size
	512

	CP Length (μs/samples)
	4.69/36

	Number of occupied sub-carriers
	301 (DC sub-carrier is null.)

	Number of OFDM symbols per TTI
	7

	Transport bit block size (including CRC)
	480

	Channel coding/decoding
	1/2 Turbo code /

Max-Log-MAP decoding with 8 iterations

	Modulation
	QPSK 

	Total power allocated to pilot channel
	10% maximum available total power of base station

	Pilot spacing in frequency domain
	5 subcarriers

	Pilot spacing in time domain 
	7 OFDM symbols

	Channel environments
	6-path Typical Urban 3km/h, 120kmph

	Antenna configuration
	1 tx antenna, 2 rx antennas (MRC), or 

2 tx antennas with spatial multiplexing, 2 rx antennas (MMSE receiver)


3.2 Results

The simulation results, in the form of BLER versus SIR, are shown in Figure 1 to Figure 4. The SIR is defined as the ratio of the average total received power from the serving cell to the average total power received from the interfering cells. 
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Fig. 1. Block error rate as function of SIR, single Tx antenna, 3 kmph.
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Fig. 2. Block error rate as function of SIR, single Tx antenna, 120 kmph.
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Fig. 3. Block error rate as function of SIR, 2 Tx antennas, 3 kmph.
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Fig. 4. Block error rate as function of SIR, 2 Tx antennas, 120 kmph.
The results are summarized in Table 4. 

Table 4: SIR gain of FH pilots over TDM-SP pilots at BLER=0.01
	Single Transmitting Antenna

	
	TU 3kmph
	TU 120kmph

	TDM-SP
	5.6 dB
	5.7 dB

	FH
	4.5 dB
	4.5 dB

	Gain
	1.1 dB
	1.2 dB

	Two Transmitting Antennas

	TDM-SP
	11.3 dB
	11 dB

	FH
	11 dB
	10.7 dB

	Gain
	0.3 dB
	0.3 dB


4 Conclusions 
In this contribution we have shown how the large sets of FH pilot patterns can be generated as a function of given pilot repetition period in frequency M. We have demonstrated the design of the FH pilot patterns for M=5 and shown how it can be deployed both in the one- and two-antenna transmission scenarios. This was the motivation for the text proposal at the end of the paper.
5 Appendix:  Comparison of performances for different values of M
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As it can be seen, the differences between the performances of the FH pilot patterns with M=3,4 and 5 and the TDM pilot patterns with M=2 is less than 0.2 dB at all velocities, while the pilot overhead of TDM pilots is more than double compared to FH pilots with M=5.
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---------------------------------------------- Start of text ------------------------------------------------

6.1.1.1 7.1.1.2.2
Downlink reference-signal structure

The downlink reference signal(s) can be used for at least  

· Downlink-channel-quality measurements

· Downlink channel estimation for coherent demodulation/detection at the UE

· Cell search and initial acquisition

The basic downlink reference-signal structure, consisting of known reference symbols, is illustrated in Figure 7.1.1.2.2-1.

Reference symbols (a.k.a. ”First reference symbols”) are located in the first or second OFDM symbol of a sub-frame. 

Additional reference symbols (a.k.a. ”Second reference symbols”) may  be located in a second OFDM symbol of the sub-frame
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Figure 7.1.1.2.2-1. Basic downlink reference-signal structure (figure assumes 7 OFDM symbols per sub frame)

The position (in the frequency domain) of the reference symbols (first reference symbols as well as second reference symbols) may vary from sub-frame to sub-frame and between cells.
Without loss of generality, the frequency of the j-th reference-symbol in t-th sub-frame of a-th FH pilot pattern, denoted as fa(j,t), is defined as 

fa(j,t)= (j-1)M + sa(t),    j=1,…, Np,
where M is the period of reference symbols in the frequency domain, Np is the number of reference-symbols in each sub-frame, and sa(t) is t-th element of a-th periodic FH sequence.

The FH sequences {sa(t)} for M =5 are given in Table 1 and Table 2, depending on the number of transmit antennas.
Table 1: FH sequences for one transmit antenna

	Cell ID=a
	{sa(t)}

	1
	{0 1 2 3 4}

	2
	{1 2 3 4 0}

	3
	{2 3 4 0 1}

	4
	{3 4 0 1 2}

	5
	{4 0 1 2 3}

	6
	{0 2 4 1 3}

	7
	{1 3 0 2 4}


Table 2: FH sequences for two transmit antennas

	Cell ID=a
	{sa(t)}

	
	Antenna 1
	Antenna 2

	1
	{0 1 2 3 4}
	{2 3 4 0 1}

	2
	{1 2 3 4 0}
	{3 4 0 1 2}

	3
	{0 2 4 1 3}
	{2 4 1 3 0}

	4
	{1 3 0 2 4}
	{3 0 2 4 1}

	5
	{0 3 1 4 2}
	{2 0 3 1 4}

	6
	{0 0 0 0 0}
	{2 2 2 2 2}

	7
	{1 1 1 1 1}
	{3 3 3 3 3}


The first reference symbols are transmitted in every downlink sub frame from one or multiple TX antennas.

…
-----------------------------------------------End of text ------------------------------------------------
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