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Modified CACAZ Sequences Based Low PAPR Preambles 
1.  Introduction
In the current IEEE802.22 draft v0.2 [1], preambles are formed by QPSK symbols with I and Q components generated by two binary PN sequences, respectively. However, the frame and superframe preambles currently specified have high peak-to-average-power ratios (PAPR) (> 7 dB). High-PAPR preambles may be clipped by the power amplifier, resulting in lower synchronization and channel estimation accuracy and hence degraded detection performance. The PAPR of preambles should be minimized as much as possible so as to allow improved performance by boosting up the transmission power of preambles relative to that of the data signals. This is important especially when some effective methods (e.g. clipping, coding and companding) for reducing the PAPR of the data modulation signals may be applied. Furthermore, to reduce the adverse effect of adjacent cell interference on the synchronization and channel estimation accuracy, a set of low-PAPR preambles with low corss-correlation energy may be used. 
This constribution proposes modified Costant Amplitude Zero Autocorrelation (CAZAC) sequences with smallest known PAPR values for a given length, to the best of our knowledge, to specify preambles in the frequency domain. The proposed preambles have a PAPR value of at most 1.93dB (and at most 2.55 dB when extending to a set of 114 sequences). By design, similar CAZAC-like sequences can be used as channel sounding sequences (e.g. GCL sounding sequences specified in the current draft) such that the implementation cost of the preamble generator can be much reduced by sharing the common lookup table and computations. 
2.  Preamle Design  
The preambles proposed in this contribution are based on a very general construction of M-phase CAZAC sequences (in the M-PSK format), i.e. Mow’s unified perfect roots-of-unity sequences (PRUS) [2], which include the well-known Frank, Chu and GCL sequences. It was proved by an exhaustive search that the unified PRUS construction includes all M-phase CAZAC sequences with M ( 15, sequence length L ( 20 and LM ( 1111. It was conjectured that no more unknown M-phase CAZAC sequences exist [3].  In the unified PRUS construction, an M-phase CAZAC sequence sCAZAC of length L = sm2 can be expressed as

[image: image1.wmf]number.

  

rational

any 

 

is

 

,

 

of

 

n

permutatio

 

a

 

is

 

that 

 

such

 

function

any 

 

is

 

 

,

 

 with

function

any 

 

is

 

 

,

 

otherwise

       

mod(

 

if

     

/2

where

 

and

 

 

m

m

m

sm

m

s

sm

m

CAZAC

Z

l

l

Z

m

l

Z

l

Z

l

s

l

Z

l

Z

l

s

s

c

Z

k

Z

l

sm

l

k

l

k

l

s

mc

i

l

km

s

Î

"

Î

"

Î

=

Î

"

Î

î

í

ì

=

=

Î

"

Î

"

÷

÷

ø

ö

ç

ç

è

æ

+

+

=

+

),

(

,

)

),

(

mod(

,

)

(

,

1

)

),

(

gcd(

,

)

(

,

0

0

)

2

,

1

)

(

,

)

(

)

(

)

(

)

(

2

exp

)

(

2

g

b

b

a

a

g

b

a

p



(1)

A preamble specified by the frequency-domain sequence of length Lpreamble can be obtained by modifying a properly selected sCAZAC , whose parameters s, m, α(l), β(l),  ((l) are optimized to give a low PAPR value, where the required value Lpreamble is dependent on the FFT size, the number of (left and right) guard carriers and the decimation factor. Here the phase alphabet size M of the modified CAZAC sequence is restricted to a certain power of 2, say, M  = 2n, so as to allow the straightforward generation of the sequence by storing nLpreamble bits, at most.
A more memory-efficient implementation is to generate the integer indices based on Equation (1) and perform table lookup to obtain the corresponding I and Q respresentations. Note that only a lookup table of I and Q representations of the integer phase indices in the range from 0 to M/4 – 1 = 2n-2 – 1, corresponding to the phase angles in [0, π/4), need to be stored since multiplication by ±1 or ±j can be computed with little complexity. We estimate that the generation of the integer indices of the sequence requires 1 multiplication and 3~4 additions per sequence element. As will be demonstrated below, the modified CAZAC sequences can be extended to form a sequence set with low cross-correlation energy for use as preambles with high resistant to adjacent cell interference or as channel sounding sequences. In the case that these or other CAZAC-like sequences (e.g. the GCL sequences specified in the current draft) are used as sounding sequences, the aforementioned lookup table and phase index computations can be shared for the generation of both preambles and sounding sequences. Consequently, the implementation cost of the preamble generator can be much reduced. 
Our PAPR values are estimated for continuous-time waveforms using an oversampling factor of 4. Without oversampling, the obtained PAPR values may be over-optimistic. The PAPR values of our proposed preambles for different modes are listed in Table 1 for M = 128 and 32. Table 2 lists the PAPR values when the number of bonded TV channels Nbands is larger than 1.
Table 1. PAPR of Preambles for FFT Size = 2048

	FFT Size = 2048
Null subcarriers [L=184, DC, R=183]
	Modified CAZAC
(128 phases)
	Modified CAZAC


(32 phases)


	Frame Short Preamble
(Decimation factor = 4)
	1.88 dB
	2.03 dB

	Frame Long Preamble
(Decimation factor = 2)
	1.81 dB
	2.02 dB

	Superframe Short Preamble
(Decimaction. Factor = 4)
	1.93 dB
	2.07 dB

	Superframe Long Preamble
(Decimation factor = 2)
	1.81 dB
	1.97 dB


Table 2. PAPR of Preambles for Nbands > 1
	FFT Size = 2048*Nbands
Number of Null Subcarriers = 368* Nbands
	Modified CAZAC
(128 phases)
	Modified CAZAC
(32 phases)

	Frame Short Preamble
(Nbands = 2, Decimation factor = 4)
	1.79 dB
	2.08 dB

	Frame Long Preamble
(Nbands = 2, Decimation factor = 2)
	1.69 dB
	2.09 dB

	Frame Short Preamble
(Nbands = 3, Decimation factor = 4)
	1.75 dB
	2.04 dB

	Frame Long Preamble
(Nbands = 3, Decimation factor = 2)
	1.75 dB
	2.14 dB


From the tables, the PAPR reduction as compared to the preambles based on PN sequences in the current Draft v0.2 is at least 5.87 dB. It can be observed that by reducing the phase alphabet size from 128 to 32 and thus the lookup table size from 32 to 8 pairs of I/Q representations, the resultant PAPR values are still very low and the worst-case PAPR is only increased mildly from 1.93dB to 2.14dB. However, in our opinion, the memory requirement for the proposed 128-phase sequences is very affordable. 

To reduce the adverse effect of adjacent cell interference on the synchronization and channel estimation accuracy, a set of low-PAPR preambles with low cross-correlation energy may be applied. Our preamble design can also be extended to generate a set of low-PAPR sequences. The PAPR of our modified CAZAC sequence set and that of Chu set (i.e. the GCL set mentioned in the current draft) are shown in Figure 1, where the set size is assumed to be 114. It can be seen from Figure 1 that the worst case PAPR of the proposed set is 2.55dB, which is about 2.2dB better than the Chu set. The result also justifies the aforementioned claim that the proposed preamble design can be extended to a set of low-PAPR sequences suitable for use as channel sounding sequences.
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Figure 1. PAPR of A Set of 114 Modified CAZAC Sequences 

The cumulative distribution function (CDF) of this set of 114 modified CAZAC sequences is shown in Figure 2. 
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Figure 2. The CDF of PAPR of A Set of 114 Modified CAZAC Sequences 
3.  Conclusion  
CAZAC sequences based on the unified PRUS construction [2] were modified to obtain preambles with very low PAPR (( 1.93dB for the 2K, 4K and 6K-FFT modes). It was also shown that the preamble design can be extended to form a set with preambles or sounding sequences with worst case PAPR ( 2.55dB for up to 114 interfering cells. The implementation cost of the preamble generator can be much reduced by sharing the common lookup table and phase index computations for generating both preambles and CAZAC-like sounding sequences. We therefore propose the use of modified CAZAC sequences based low-PAPR preambles to replace the existing PN-sequence based preambles specified in the current draft.
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Abstract


In this document, modified Constant Amplitude Zero Autocorrelation (CAZAC) sequences are proposed to specify preambles in the frequency domain. The proposed preambles have very low peak-to-average-power ratio (PAPR) of at most 1.93dB, and at most 2.55 dB when extending to a set of 114 sequences. By design, similar CAZAC-like sequences can be used as channel sounding sequences such that the implementation cost of the preamble generator can be much reduced by sharing the common lookup table and computations. 
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