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1. Introduction
The WISA FH sequences defined in 2002 ([5], designated as FH02 in the following) cover 77 MHz of the available bandwidth at 2.4 GHz. 

This Technical Note discusses options to generate sets of FH sequences which cover only a pre-configured set of allowed WISA frequencies. Two algorithms are considered, 

· FH07-1: hopping of subbands, using two stages of hopping sequences; similar to and extension 
of FH02.
· FH07-2: hopping sequence generated in a single stage.


Details are given in Section 3.
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2. Assumptions and requirements
see Chapter 2 of [1] for background and motivation.

1. The set of allowed WISA frequencies is a subset of the 79 frequencies (spaced 1 MHz) in 
[2401 MHz to 2479 MHz]. This subset consists of the frequency bands not used by any collocated wireless system such as WLANs, and is pre-configured and static.
2. Input to FH frequency generator:
· frame number FN
· cell identifier cell_id
3. Output to FH frequency generator:

· downlink frequency fDL  

· 4 uplink frequencies fUL,u, within a contiguous subband of nI  MHz (nI frequencies).
With 4 uplinks spaced at least 2 MHz, nI  ≥ 7.  
4. The BS puts no restriction on the TX frequency, i.e. fDL can be anywhere in 
[2401 MHz to 2479 MHz], with 1 MHz spacing. 
5. The BS puts no restriction on position of the RX frequency subband, specifically the RX LO quantization is 1 MHz. HV to check for admissible RX LO frequencies and spurious reception.
The maximum subband width is nI  ≤17 (MHz) given by the RX IF bandwidth [4].
6. Duplex spacing is  the spacing between fDL and the uplink subband, i.e. D  = min(over u) |fDL - fUL,i|. The BS requires D ≥ 22 (MHz) [4].
7. The FH sequences should be deterministic, i.e. periodic with a short period. (Pseudorandom sequences are deterministic, but with a very long period.)
The emphasis of the generation of the FH sequences, under the given assumptions and requirements, is to generate a set of FH sequences, where members (identified by the cell_id) have small  generalized cross-correlations [3].  
Construction methods of sets of q-ary periodic sequences with low cyclic cross-correlation is described in [2]. Our generation of WISA FH sequences are based on these methods: For prime q  = p, construction 2 of [2] uses  GF(p) to produce p-1 (non-constant, one-coincident) integer sequences of period p. If q is of the form q = pN, construction 4 uses GF(pN) to produce a set of q = pN sequences  with period q - 1  =  pN - 1. 
The main idea in the following generation of FH sequences is to identify the elements (frequencies and subbands) over which these constructions in GF(q) can be applied. The construction produce q-ary sequences, represented by sequences of integers between 0 and q-1. These integers are then to be converted to the actual WISA frequencies in [2401 to 2479] MHz by an appropriate one-to-one mapping, as sketched in Figure 1.
Note: The MATLAB Communications toolbox includes many functions for performing computations in  Galois Fields, see e.g. help gfmul. 

WLAN channel usage

Frequency bands occupied by any collocated WLAN must be excluded from the set of available WISA frequencies. WLAN channel usage is configured typically at the access point. The IEEE 802.11 WLAN specifications define the carrier frequencies to be at 2407 MHz + CHNL_ID·5 MHz, where the channel number CHNL_ID is between 1 and 13. The relevant bandwidths are


· specified TX bandwidth = 22 MHz, at -20 dBc (802.11g)

· typical TX bandwidth = 11 MHz, at -10dBc. This is the dominant contribution of interference from WLAN to other systems such as WISA.
· RX bandwidth = 17 MHz, given by the typical WLAN RF bandwidth [4]. This is the relevant bandwidth for susceptibility of WLAN to interference e.g. from WISA.
If interference from WISA to WLAN is the main concern, then the most relevant WLAN bandwidth value is the RX bandwidth of 17 MHz.
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Figure 1:  mapping from integer sequence to WISA frequency.
3. FH07-1 Generation of FH sequences
FH07-1 generalizes the FH02 method. nB pairs of subbands, with at least D duplex spacing, are identified, where subbands are non-overlapping and have width nI (MHz).
The sequence construction of [2] is applied in two stages: First, a set of nB-ary sequences W is determined using a suitable construction method from [2]. This subband hopping sequence W is used to select the subband on each hop. Given the selected subband, a separate nI-ary FH sequence X determines the frequency index within the subband, where X is again found by a suitable construction method from [2].
Note: FH02 is a special case, with nB = 7 subband pairs, each of width nB = 11, and the subbands are assigned contiguously with no gaps in between [5].
Algorithm FH07-1
1. Select nI = width of subbands. Larger nI  allows more variation in the uplink assignments (less correlation), but will lower the number nB of available subbands (see step 3 below). In order to use the FH sequence construction methods in GF(nI), nI should be either a prime, or an integer power of a prime. Further restrictions due to BS hardware are given in Sections 2.3 and 2.5. Together, this implies that allowed values are nI ( {7, 8, 9, 11, 13, 16, 17}. 
2. In the given set of allowed WISA frequencies, identify non-overlapping subbands. The enumeration is in general not unique.
3. Enumerate all pairs of subbands (within the allowed WISA frequencies) which are at least D = 22 apart. The number of such pairs is designated as nB.
4. If nB is not a prime, or a power of a prime, reduce nB to the next lower integer satisfying that property, i.e. nB ( {2, 3, 4, 5, 7, 8, 9, 11, 13, 16, …}
5. Generate a set of subband hopping sequences Wk, according to a suitable method of  [2], using GF(nB). (There are nB or nB-1 different sequences, k = 0..nB-1 or 0..nB-2.)
6. Generate the set of index hopping sequences Xi (index within a subband), according to a suitable the method of [2], using GF(nI). (There are nI or nI-1 different sequences, i = 0..nI-1 or 0..nI-2.)
7. Combine Wk and Xi  as in FH02 [5], mutatis mutandis: 
The downlink frequency fDL(FN) is in the subband Wk(FN), at index Xi(FN), using the mapping shown in Figure 1. The uplink frequencies fUL,u(FN) are in the subband which is paired to Wk(FN), as found in step 3. For nI > 7, and a spacing of 2 MHz between uplinks, the index of the u-th uplink frequency is (Xi(FN) + 2·u) mod(nI), u = 0 to 3.
The last step produces up to nB·nI  different FH sequences (the exact number depends on the construction method). The cell-specific FH sequence is given by k and i, e.g. by the mapping 
cell_id = 10·k + i. For a given frame number, the FH sequence gives the frequencies fDL and fULi. 
– If the period of Wk and Xi  are nB  and nI, respectively, then the period of the combined sequence is the least common multiple of nB  and nI.
The construction satisfies the requirements; the results depend on the configured set of allowed WISA frequencies. The cross-correlations need to be verified.

The Annex (Section 6, page 8 and following) shows examples of this procedure, for the case where WLAN channels 1 and 6 are to be excluded from the allowed WISA frequencies. Table 1 (page 6) gives the resulting parameters nI and nB. The shaded entries in Table 1 designate the examples where the most relevant WLAN bandwidth value for WLAN susceptibility (17 MHz) is considered.
4. FH07-2 Generation of FH sequences
FH07-2 uses a one-stage generation of FH sequences. Downlink frequencies do not use subbands, and can thus use any frequency within the set of allowed WISA frequencies (spaced 1 MHz). The paired uplink subband is chosen to satisfy the duplex spacing requirement within the set of allowed WISA frequencies.

Algorithm FH07-2
1. Select nI = width of subbands.  Same aspects as in step 1 of Section 3 above are relevant. 
2. In the given set of allowed WISA frequencies, pick the next allowed downlink frequency fDL.

3. For this fDL, find a “paired” uplink subband in the set of allowed WISA frequencies, which is at least D = 22 apart, above or below fDL. This “pairing” selection is in general not unique. 

4. Continue from step 2, until all possibilities are considered. The result is non-unique in general. The number found of such pairs is designated as nF.

5. If nF is not a prime, or a power of a prime, reduce nF to the next lower integer satisfying that property.
6. Generate the set of hopping sequences Xi, according to a suitable method of [2], using GF(nF). 

7. Map Xi  to the actual frequency in the set of allowed WISA frequencies. fDL is mapped from Xi(FN) as shown in Figure 1, and the corresponding uplink subband is given by the “pairing” in step 3. The index of the u-th uplink frequency fUL,u is determined as in step 7 of FH07-1 above.
Step 6 produces nF or nF-1 different FH sequences, i.e. cell_id = 0..nF-1 or 0..nF-2. Each sequence has a period of nF or nF-1 frames, depending on the construction method. 

The cross-correlations need to be verified.

The Annex (Section 6, no. 22 to 26) shows examples of this procedure, for the case where WLAN channels 1 and 6 are to be excluded from the allowed WISA frequencies. Table 2 (page 6) gives the resulting parameter nF.







*
Comparison of FH07-1 and FH07-2:  
FH07-2 has a finer quantization, since it does not rely on non-overlapping subbands, and can thus often make use of more frequencies within the set of allowed WISA frequencies. The one-stage FH sequence construction in GF(nF) guarantees that downlink FH sequences are only exactly one-coincident (have Hamming distance 0 only once per period). However, some FH sequences will not have a minimum frequency spacing of more than 1 MHz between consecutive frames, compared to a spacing nI in FH02 (where nI = 11 MHz) and FH07-1. Large spacing was considered desirable in FH02, to prevent that consecutive hops remain in “bad” bands (due to e.g. WLAN interference or frequency-selective fading). With the current hopping, which excludes WLAN bands explicitly, this requirement becomes less important. For further research, consider [6].
As shown in the examples of the Annex (Nr. 22 to 26), with FH07-2 some uplink subbands paired to different downlink frequencies may overlap. With FH07-1, different downlink subbands are paired with different non-overlapping uplink subbands. These differences affect mainly uplink-to-uplink interference. Inter-cell interference is however dominated by the continuous downlinks.
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	No.
	WLAN channels numbers
	WLAN channel bandwidth
	WISA subband bandwidth

= nI
	WISA number of subband pairs = nB
	WISA number of (downlink) frequencies
	comments

	0.
	none
	none
	11
	7
	7·11 = 77
	FH02

	
	
	
	
	
	
	

	4.
	1
	11
	11
	4
	4·11 = 44
	

	
	1
	11
	9
	
	
	

	5.
	1
	11
	7
	8
	8·7 = 56
	

	7.
	1
	17
	11
	4
	4·11 = 11
	

	
	1
	17
	9
	
	
	

	8.
	1
	17
	7
	8
	8·7 = 56
	

	10.
	6
	11
	11
	4
	4·11 = 44
	

	
	6
	11
	9
	
	
	

	11.
	6
	11
	7
	5
	5·7 = 35
	

	13.
	6
	17
	11
	4
	4·11 = 44
	

	
	6
	17
	9
	
	
	

	14.
	6
	17
	7
	8
	8·7 = 56
	

	16.
	1, 6
	11
	11
	2
	2·11 = 22
	

	
	1, 6
	11
	9
	
	
	

	17.
	1, 6
	11
	7
	4
	4·11 = 44
	

	19.
	1, 6
	17
	11
	0
	0
	

	
	1, 6
	17
	9
	
	
	

	20.
	1, 6
	17
	7
	2
	2·7 = 14
	


Table 1: FH07-1 – examples of resulting parameters. Numbers refer to the entries in the Annex (Section 6). shaded rows: most relevant examples.
	No.
	WLAN channels numbers
	WLAN channel bandwidth
	WISA subband bandwidth
	WISA number of subband pairs
	WISA number of (downlink) frequencies 
= nF
	comments

actual nF

	22.
	1
	17
	7
	( 
	62
	61 

	24.
	6
	17
	7
	(  
	?
	?

	26.
	1, 6
	17
	7
	(  
	18
	17 


Table 2: FH07-2 – examples of resulting parameters.
Addendum:  Number of cells with reduced number of allowed WISA frequencies

In the original case FH02, the set of allowed WISA frequencies contains B/R  = 77 elements, where
B = 77 MHz is the total bandwidth used by WISA, and R = 1 MHz the raw WISA data rate. The FH02 construction yielded a theoretical maximum of Ncell = 60 different FH sequences. In practice it was observed that only some Ncell = 6 cells can operate within their RF range, i.e. there can be up to 6 co-located WISA cells. 

Here we estimate how the number of co-located cells depends on the bandwidth B  of the set of  allowed WISA frequencies. We apply the simple spread spectrum capacity calculation model of the classic paper [7]: A communication system requires a certain minimum Eb/N0 to guarantee a sufficiently low BER. The bit energy Eb is



[image: image2.wmf]R

C

E

b

/

=


where C is the wanted signal power (as in the Annex A.1 of [1]). The noise + interference power density is
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The first term on the right hand side is the thermal noise (F = receiver noise figure), and the second term is due to the Ncell -1 interferers, each with power I, whose power is distributed uniformly over the available bandwidth B by virtue of the spread spectrum scheme (CDMA or FH). Thus
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Solving for Ncell, 
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In order to obtain numerical values for Ncell, assume first that the interference power I is much larger than the thermal noise floor, so that the second term vanishes. The ratio C/I is determined by 
(i) the distance relationships (see Annex A.1 of [1]),  (ii) the correlation between the FH sequences,  and (iii) the probability of transmission (i.e. loads), of the wanted and the interfering links. These parameters are hard to determine. Instead, we just using the practical result that Ncell = 6 with B/R = 77 to calibrate, so that 
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For a WISA FH system with a restricted bandwidth of allowed WISA frequencies of B MHz, the number of co-located WISA cells scales according to this formula. For example, if due to WLAN 
co-existence planning, only B = 30.8 MHz are available for WISA, then only Ncell = 3 co-located WISA cells can be supported.
Even with low numbers Ncell of co-located cells, it is relevant to obtain a larger set of FH sequences with low correlation, as considered in the main part of this Technical Note. This minimizes interference between neighboring groups of cells.


6. Annex: Examples

Scale  2410      2420      2430      2440      2450      2460      2470      2480

012345678901234567890123456789012345678901234567890123456789012345678901234567890

_________________________________________________________________________________
1. WISA FH02
FH02 subbands, 11 MHz
   00000000000111111111112222222222233333333333444444444445555555555566666666666 
FH02 duplex subband pairs, 11 MHz

   ddddddddddd



uuuuuuuuuuu

              ddddddddddd


     uuuuuuuuuuu

                         ddddddddddd


    uuuuuuuuuuu

                                    ddddddddddd



   uuuuuuuuuuu

   uuuuuuuuuuu




     ddddddddddd

   
        uuuuuuuuuuu                                 ddddddddddd

   



 uuuuuuuuuuu


               ddddddddddd

_________________________________________________________________________________

2. WLAN channels, 17 MHz
    11111111111111111
   22222222222222222

        33333333333333333

             44444444444444444

                  55555555555555555

                       66666666666666666





          77777777777777777

                                       88888888888888888

                                      99999999999999999

                                                 00000000000000000









11111111111111111

                                                           22222222222222222

                                                          33333333333333333

_________________________________________________________________________________

3. WLAN channel 1, 11 MHz

 11111111111

  

set of allowed WISA frequencies

 xxxxxx
      xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

_________________________________________________________________________________

4. WISA FH07 subbands, 11 MHz



 xxxxxxxxxxx xxxxxxxxxxx xxxxxxxxxxx xxxxxxxxxxx xxxxxxxxxxx

FH07 duplex subband pairs, 11 MHz




 ddddddddddd                         uuuuuuuuuuu



             ddddddddddd 

             uuuuuuuuuuu



 uuuuuuuuuuu

             ddddddddddd






 uuuuuuuuuuu



 ddddddddddd

_________________________________________________________________________________

7. WISA FH07 subbands, 7 MHz




xxxxxxx yyyyyyyzzzzzzzuuuuuuuvvvvvvv wwwwwww rrrrrrr sssssss
WISA FH07 duplex subband pairs, 7 MHz




ddddddd

           uuuuuuu
  ddddddd                      uuuuuuu
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   uuuuuuu
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                   ddddddd

                                 uuuuuuu



   ddddddd







    uuuuuuu



     ddddddd


_________________________________________________________________________________

6. WLAN channel 1, 17 MHz

    11111111111111111

  

set of allowed WISA frequencies

 xxx
               xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
_________________________________________________________________________________

7. WISA FH07 subbands, 11 MHz




   xxxxxxxxxxx xxxxxxxxxxx xxxxxxxxxxx xxxxxxxxxxx xxxxxxxxxxx

FH07 duplex subband pairs, 11 MHz




   ddddddddddd                         uuuuuuuuuuu




               ddddddddddd 

               uuuuuuuuuuu




   uuuuuuuuuuu

               ddddddddddd






   uuuuuuuuuuu



   ddddddddddd

_________________________________________________________________________________

8. WISA FH07 subbands, 7 MHz




   xxxxxxxyyyyyyyzzzzzzz uuuuuuuvvvvvvv wwwwwww rrrrrrrsssssss

WISA FH07 duplex subband pairs, 7 MHz




   ddddddd

              uuuuuuu

    ddddddd                       uuuuuuu


     ddddddd


      uuuuuuu



       ddddddd


       uuuuuuu

                     uuuuuuu


        ddddddd

                            uuuuuuu
                      ddddddd

                                   uuuuuuu



ddddddd







       uuuuuuu



 ddddddd


_________________________________________________________________________________

9. WLAN channel 6, 11 MHz





  66666666666

set of allowed WISA frequencies

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
       xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

_________________________________________________________________________________

10. WISA FH07 subbands, 11 MHz

   xxxxxxxxxxx    xxxxxxxxxxx 

  xxxxxxxxxxx xxxxxxxxxxx xxxxxxxxxxx

FH07 duplex subband pairs, 11 MHz

   ddddddddddd                              uuuuuuuuuuu




ddddddddddd 

              uuuuuuuuuuu

   uuuuuuuuuuu

                    ddddddddddd




uuuuuuuuuuu

                    ddddddddddd

_________________________________________________________________________________

11. WISA FH07 subbands, 7 MHz

 rrrrrrr sssssss ttttttt xxxxxxx

 yyyyyyy zzzzzzzuuuuuuu vvvvvvvwwwwwww

WISA FH07 duplex subband pairs, 7 MHz

 ddddddd




       uuuuuuu

         ddddddd



               uuuuuuu

                 ddddddd



          uuuuuuu

         


 ddddddd


                  uuuuuuu

 uuuuuuu                   

       ddddddd

         uuuuuuu                                   ddddddd

                 uuuuuuu                                  ddddddd

                         uuuuuuu                                  ddddddd








 uuuuuuu



 ddddddd

_________________________________________________________________________________

12. WLAN channel 6, 17 MHz




     66666666666666666

set of allowed WISA frequencies

 xxxxxxxxxxxxxxxxxxxxxxxxxxxx
                xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

_________________________________________________________________________________

13. WISA FH07 subbands, 11 MHz

   xxxxxxxxxxx  xxxxxxxxxxx 

          xxxxxxxxxxx uuuuuuuuuuuvvvvvvvvvvv
FH07 duplex subband pairs, 11 MHz

   ddddddddddd                                uuuuuuuuuuu



    ddddddddddd 

                      uuuuuuuuuuu

   uuuuuuuuuuu

                      ddddddddddd



    uuuuuuuuuuu

                      ddddddddddd

_________________________________________________________________________________

14. WISA FH07 subbands, 7 MHz

 rrrrrrrssssssstttttttccccccc 

     yyyyyyy zzzzzzz uuuuuuu vvvvvvv

WISA FH07 duplex subband pairs, 7 MHz

 ddddddd




           uuuuuuu

        ddddddd



                   uuuuuuu

               ddddddd



                     uuuuuuu

         

    ddddddd


                             uuuuuuu

 uuuuuuu                                       ddddddd

        uuuuuuu                                        ddddddd

               uuuuuuu




               ddddddd

                      uuuuuuu






     ddddddd

_________________________________________________________________________________

15. WLAN channels 1 and 6, 11 MHz

 11111111111

  66666666666

set of allowed WISA frequencies

 xxxxxx
      xxxxxxxxxxxxxx

 xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
_________________________________________________________________________________

16. WISA FH07 subbands, 11 MHz




 xxxxxxxxxxx 

  xxxxxxxxxxx xxxxxxxxxxx xxxxxxxxxxx

FH02 duplex subband pairs, 11 MHz




 ddddddddddd 

  
        uuuuuuuuuuu

 


 uuuuuuuuuuu



  ddddddddddd

_________________________________________________________________________________

17. WISA FH07 subbands, 7 MHz




   xxxxxxx

       yyyyyyy zzzzzzzuuuuuuu vvvvvvvwwwwwww

WISA FH07 duplex subband pairs, 7 MHz




   ddddddd



   uuuuuuu 







       ddddddd                       uuuuuuu
                     uuuuuuu                       ddddddd

                                           uuuuuuu                       ddddddd         

_________________________________________________________________________________

18. WLAN channels 1 and 6, 17 MHz

    11111111111111111
     66666666666666666

set of allowed WISA frequencies

 xxx 
               xxxxxxxx
                xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

_________________________________________________________________________________

19. WISA FH07 subbands, 11 MHz




   

                xxxxxxxxxxxvvvvvvvvvvv uuuuuuuuuuu

FH02 duplex subband pairs, 11 MHz (none)
_________________________________________________________________________________

20. WISA FH07 subbands, 7 MHz




   xxxxxxx

          yyyyyyy zzzzzzz uuuuuuu vvvvvvv
WISA FH07 duplex subband pairs, 7 MHz




   ddddddd



      uuuuuuu 
          
                     uuuuuuu                          ddddddd

Scale  2410      2420      2430      2440      2450      2460      2470      2480

012345678901234567890123456789012345678901234567890123456789012345678901234567890

_________________________________________________________________________________

21.WLAN channel 1, 17 MHz

    11111111111111111

  

set of allowed WISA frequencies

 xxx
               xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

_________________________________________________________________________________

22. FH07-2 frequencies, UL subbands 7 MHz

WISA FH07-2 
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_________________________________________________________________________________

23. WLAN channel 6, 17 MHz




     66666666666666666

set of allowed WISA frequencies

 xxxxxxxxxxxxxxxxxxxxxxxxxxxx
                xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

_________________________________________________________________________________

24. WISA FH07-2 frequencies, UL subbands 7 MHz

 d                                            uuuuuuu
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_________________________________________________________________________________

25. WLAN channels 1 and 6, 17 MHz

    11111111111111111
     66666666666666666

set of allowed WISA frequencies

 xxx 
               xxxxxxxx
                xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

_________________________________________________________________________________

26. WISA FH07-2 frequencies, UL subbands 7 MHz
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