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Abstract— The second generation digital terrestrial television
broadcasting standard (DVB-T2) adopts the so-called P1 sybol
as the preamble for initial synchronization. The P1 symbol &o
carries a number of basic transmission parameters, includig the
fast Fourier transform size and the single-input/single-atput as
well as multiple-input/single-output mode, in order to appo-
priately configure the receiver for carrying out the subseqent
processing. In this contribution, an improved preamble degn is
proposed, where a pair of training sequences is inserted inhe
frequency domain and their distance is used for transmissio
parameter signalling. At the receiver, only a low-complexy
correlator is required for the detection of the signalling. Both the
coarse carrier frequency offset and the signalling can be siulta-
neously estimated by detecting the above-mentioned corggion.
Compared to the standardised P1 symbol, the proposed preantd
design significantly reduces the complexity of the receivewhile
retaining high robustness in frequency-selective fadingltannels.
Furthermore, we demonstrate that the proposed preamble dégn
achieves a better signalling performance than the standaided
P1 symbol, despite reducing the numbers of multiplicationsand
additions by about 40% and 20%, respectively.

Index Terms— Orthogonal frequency division multiplexing,
second generation digital terrestrial television broadcating stan-
dard, preamble, transmission parameter signalling

commercial demands for supporting multi-services, initigd
HDTV, mobile TV and data-casting, broadcast systems are
expected to provide a wide choice of transmission parammeter
in order to accommodate different quality of service (QoS)
requirements. The European Telecommunications Standards
Institute (ETSI) recently issued the second generatioitadig
terrestrial television broadcasting standard (DVB-T2hick

aims for providing multiple services in different propagat
scenarios [5].

DVB-T2 [5] offers a total of six FFT sizes and seven
diverse guard interval modes in order to adapt to differ-
ent applications. Furthermore, both single-input/sirmiéput
(SISO) and multiple-input/single-output (MISO) transgiis
modes are supported. Therefore, the efficient and reliable
detection of these basic system-configuration paramesers i
critical for the receiver to reliably perform its subsequen
processing steps. For this reason, DVB-T2 adopts a spélyifica
designed P1 symbol as the preamble of the DVB-T2 frame.
Unlike conventional preambles, which are designed meraly f
supporting timing and frequency synchronization [10],][11
the P1 symbol also supports the basic transmission paramete
signalling (TPS), including the FFT size and SISO/MISO

. INTRODUCTION mode [5]. In the time domain (TD), a novel cyclic extension

Orthogonal frequency division multiplexing (OFDM) mstructure is adopted i_n order to improve the peak of the
has found its way into numerous recent standards operatffi{fTd interval correlation (GIC) for the sake of _|mprved
in frequency-selective fading channels. With the aid of ¢HiMing synchronization [12]'_ In the_fre_quen(_:y d_omaln (Fa),
inverse fast Fourier transform (IFFT) and fast Fourier gran/€N9th-384 sequence carrying 7-bit signalling is mapped to
form (FFT) operations, both the modulation and demodutati§liStributed sub-carrier pattern. To transmit the 7-binaiging,
operations of an OFDM system facilitate convenient harewal"¢ Standardised P1 symbol of DVB-T2 exploits two sets of
implementations. Hence, OFDM has been widely adopted §fith°gonal complementary sequences in order to represent t
the areas of digital TV [2]-[5], wireless local area netwsf;)rkd'ﬁeren_t signalling f|elds: which are I_<nown as S1 and S2,
(WLANS) [1], [6] and in next generation mobile communicarespectively. At the receiver, all possible sequences o bo

tions [7]-[9]. Multi-service broadcast has become an intgutr §ets are correlated with the received signalling sequence t
research topic in both industry and academia. With the grgwifind @ matched case. The need to perform such a large num-
ber of correlations, however, imposes a high computational
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incorporates different sequences to convey the signalfing
formation, the proposed preamble inserts a pair of training
sequences in the FD, and the signalling information is con-
veyed by the distance between the pair. At the receiver, only
a single correlator is required to simultaneously estintatin
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| 7.61 MHz

the TPS and the coarse carrier frequency offset (CFO), -the}e ‘ | 063 s | i
fore the complexity of the receiver is significantly reduce requency ' '

Furthermore, our simulation results show that the proposegom‘?lln _ H HL_L o

preamble design achieves a better signalling performdrare t CHr Ol 4444 $43 gag 8y 3

the standardised P1 symbol based preamble of the DVB-T2 for

transmission over frequency-selective fading channels. Time C R 5

The rest of this contribution is organized as follows.Domain

Section 1l briefly describes the standardised P1 symbol in €= 542 TP ——T,= 1024T——P T ;= 482>}

DVB-T2, while Section Il provides the detailed design of =2 Qo ~

the proposed preamble. Section IV presents our performance fsu fu

evaluation of the proposed preamble design through both tif@. 1. Structure of the P1 symbol in DVB-T2.

oretical analysis and computer simulation. The computatio

requi_remen'Fs of d.etecting both prea_mbles are also C(_)mpaégd.l.he standardised P1 Symbol

in this section. Finally, our conclusions are summarized In

Section V. The P1 symbol defined in the DVB-T2 standard [5] is

composed of a 1K OFDM symbol ‘A" and its two cyclic

II. P1 SYMBOL IN DVB-T2 extensions, which are denoted as ‘C’ and ‘B’, respectively.

The C-A-B structure of the P1 symbol is illustrated in Fig. 1.

In this section, we commence with the signal model of . : :
’ . TD baseband | of the P1 bol is defined b
OFDM systems and then focus our attention on the P1 symb(ne aseband signal ot the symbolis detined by

design of the DVB-T2 system. pa(n)ei2rfsun 0<n <542,
T, =< pa(n —542), 542 <n < 1566,  (5)
A. Signal Model pa(n —1024)e2™fsnm 1566 < n < 2048,
The transmitted TD signal of an OFDM system can b@herepa(n) is the baseband representation of part ‘A
represented as is the additional frequency shift applied to both parts ‘Bda
N_1 ‘C’ in order to distinguish the P1 symbol from the common
Ty = 1 Z Xkej%"’“, (1) cyclic prefix (CP) of the OFDM symbols.
VN =0 Out of the 853 useful FD sub-carriers of the 1K symbol in

where N is the number of sub-carriers, anki, are the ‘A, only 384 sub-carriers are used, while the others are set
transmitted FD data symbols. The received TD OFDM symbEﬂ zero. The sub-carrier distribution of the P1 symbol i®als
is represented by illustrated in Fig. 1. The active carriers occupy roughl8®.
- MHz in the middle of the nominal 7.61 MHz bandwidth. Even
Yn = Tn—ny @ hype?>™ " (2) a frequency shift of up to 500 kHz may be estimated, since

where the operatop denotes linear convolutiom, and f most of the useful sub-carriers are still within the bandtuid
o ¢ Therefore, the P1 symbol is robust to large CFOs.

denote the time delay and CFO, respectively, whileandv,, : . . )
. ... The embedded P1 signalling contains two fields, referred
denote the channel impulse response (CIR) and the addltveas the 3-bit signalling S1 and the 4-bit signalling S2.

white Gaussian noise (AWGN), respectively. The channe . I . .

signal-to-noise ratio (SNR) is defined hy— 02/02, where respectively. Specifically, the 3-bit S1 is represented iy of _

o? — Bl |2] is the signal power and? — E[|v ’b] is the the 8 orthogonal complementary sequences of length 64ewhil
" " " the 4-hit S2 is represented by one of the 16 orthogonal comple

5 |

Qx\é?aTofower, with I7le] denoting the statistical eXIoeCt"jltlonmentary sequences of length 256 [5]. The S1 sequence, the S2

OFDM systems are known to be sensitive to the CFO, whi quence and a repetition of the S1 sequence are concdtenate

: 0 compose a length-384 signalling sequence, which isyfirstl
may be separated into two parts as follows differentially binary phase-shift keying (DBPSK) modge

fo = Ming - 1 T e, 3) then scrambled, and finally mapped to the active sub-carrier
N It should be noted that a total ¢f x 16 = 128 different
Where% is the sub-carrier spacing;, is an integer and.  Signalling sequences correspond to the 7-bit signalling.
is the fractional part of the CFO, which is restricted in agan

of C. Detection of the P1 Symbol

At the receiver, both timing and fractional CFO estimation
The integer part of the CFO will lead to a cyclic shift inmay be achieved by the modified GIC method based on the C-
the FD, while the fractional CFO will impose inter-carrietA-B structure [12]. After the fractional CFO is compensated
interference (ICI), which may severely degrade the attdma part ‘A’ of the P1 symbol is extracted and transformed to
performance [13]. In OFDM systems, the training symbols atke FD for integer CFO estimation and signalling detection.
often transmitted before the data blocks as preambles.aBke tFirst, the energy-detection based sub-carrier patterichirag

of the preamble is to accomplish both timing and frequenéy performed to locate the exact positions of the active sub-
synchronization as well as to detect the TPS, if it is presentarriers by correlating the received signal with the expeéct

1 1
YN rcS_- 4
2N<ff N (4)
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carrier-distribution sequence (CDS) [14]. The CDS was $pecthe FD distance between and b, which varies according to
ically designed to ensure that only a perfect match givestlze TPS requirements. The FD sub-carrier symtﬁdiﬁ}kN:’ol
sufficiently high power correlation peak. The position oé thare then converted to the TD to create part ‘A" of the TD
correlation peak also gives an estimate of the integer péneo preamble by theV-point IFFT, as defined in (1).
CFO, which is inferred from the peak’s shift from its origina The proposed preamble varies the distance between the pair
position. of FD training sequences to create a signalling regime, &her
Once the active sub-carriers were identified, the receivitre FD distance may be varied across a wide range of values to
is ready to detect the S1 and S2 signalling. The length-384tisfy the requirement of conveying 7-bit signalling. ifaka
signalling sequence is firstly extracted from the activeiees, pair of length-255 training sequences, for example, the pai
then descrambled and differentially decoded. Finally,3H#t occupies two consecutive 255 sub-carrier segments, which
S1 and 4-bit S2 segments are separated from the signallarg allocated symmetrically from the centre of the nominal
sequence. Each legitimate sequence of the S1 set is cedreltandwidth, as seen in Fig. 2. The value AfL is chosen
with the received S1 signalling sequence one by one, and tbevary in the range 0f128,255] so that the required 7-bit
sequence with the largest correlation peak is used for degodsignalling can be encoded into the 128 legitimate distance
the S1 signalling. Similarly, each legitimate sequencehef tvalues. Further referring to the FD part of Fig. 2, the sub-
S2 set is correlated with the received S2 signalling sequergarriers at the both ends are reserved so that the preamble ca
one by one to decode the S2 signalling. Since there are tatape with large CFOs. The sub-carriers in the centre of the
of 8 sequences in the S1 set and 16 sequences in the S2tsmtdwidth are also reserved in order to reduce the impact of
a large number of correlations are required. To reduce tberrier leakage.
complexity of computing such a large number of correlations The performance associated with the proposed preamble
DVB-T2 adopted a series of complementary sets of sequendepends on the chosen pair of FD training sequences. There
(CSS) [15]. These correlations may be determined with tlaee three main considerations in choosing these two tiginin
aid of efficient correlators specifically designed for CS8][1 sequences: good auto-correlation property, simple aioel
However, the total computational complexity of the sigimgll implementation, and low peak-to-average power ratio (PAPR
detection remains high due to the specific design of the Rilthe TD after the IFFT operation. Pseudo-noise (PN) se-

symbol, which will be further discussed in Section V. guences are widely used as training sequences since they hav
beneficial correlation properties. The optimal PN sequence
I1l. DESIGN OF THEPROPOSEDPREAMBLE may be found by searching through the entire PN sequence set

In this section, we propose an improved preamble relying?] in order to ensure the lowest PAPR for the TD preamble.

on a different signalling design, which is significantly desWWe suggest the paifu, b) to be the pair of identical DBPSK
complex to decode. modulated PN sequences, which have the lowest PAPR in the

TD after the IFFT operation.

A. Structure of the Proposed Preamble

The structure of the proposed preamble is shown in Fig.
which inherits the structure of the standardised P1 syntbol i In the receiver, the GIC method of [12] is applied for timing
the TD, while in the FD, the TPS design is different from thaand fractional CFO estimation. Afterwards, the TD part ‘& i
of the P1 symbol. Specifically, a pair of FD training sequenceextracted from the preamble and converted to the FD by the
denoted by(a,b), are inserted into the sub-carriers. The FDV-point FFT operation, yielding
values {Xk}ff:_ol of part ‘A’ in the proposed preamble are N_1
represented by Y, = % Z (ynefpﬁjmn) eIFE 0<k <N, (7)

ak—512+L%J+L7512_L_ [SE] <k <512-|8F], X Vs
X, = bk75127(%]7 512+[%} <k< 512+L+[%} . Wwhere fg. .is the estimated fractional CFO, w.hich is com-
0, others pensated ]|Vn 1the TD before the FFT operation. The FFT
(6) result{Yy},_, is firstly differentially detected in the FD, i.e.

where[e] and |e| denote the integer ceiling and floor operaY - 5;57111 and then correlated with the local PN sequence
tors, respectivelyL is the length of: andb, while AL denotes {C},_, to yield

B. Detection of the Proposed Preamble

L—1
—L—le—AL—>l«—L—] > (Yigw - Yipq) - Ch
Frequency 0 a 0 b 0 R, = k=0 — L,0<I<N-—L, (8
Domain % N |yk|2
k=0

\\\ @ 7 whereC}, is the sequence assignedd@ndb before DBPSK

modulation, while* denotes the complex conjugation. Since

Ti : ; .
Dot:;n C A B {C}} is a binary sequence, which assumes values from the set
{—1,+1}, the multiplications byC' in the correlation (8) may
Fig. 2. Structure of the proposed preamble. be realised by a series of adders instead of multiplierss Thi
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significantly reduces the complexity of the proposed sigmal A. Theoretical Lower Bound over AWGN Channel

detection algorithm. Assuming an ideal fraction CFO compensation in (7), the

Since there are two identical training sequencegYp}, : : Ty —
two peaks are expected in the correlation result in (8), ard tcorrelatlon peaks can be approximate = Xp+Vi, and

. ) : Ry, = Xr+Vik,, WhereXy, is real-valued, whild/;;, andV;
distance between the two peaks gives an estimat&ofas k2 R+ Via R ok ko
are complex-valued zero-mean random variables. Following

AL =Fky—k — L, (9) similar approach to the one given in [10], we can conclude tha
St[he real and imaginary parts of botk,, and Ry, have the
Gaussian distributiond (1r, 0%) andN (0, 0%), respectively,
whereur ando? are given by [10]

wherek; andks are the correlation peak positions in the fir
and second half of R;.}, respectively, namely,

ki1 = arg max |Rl|, (20)
o<i<& P
UR = T (23)
ko = arg max ‘Rl‘. (12) P
Y<i<n , ,
- . . . 1+ + (2L/N +
The AL value of (9) is then used to decode the 7-bit signalling oh = ( uR)]ff(pi— 1)/2 HR). (14)

information. The two peak positions also yield an estimdte o
the integer CFO, which is inferred from the peaks’ shiftswitHence, the peak metricgR;,| and |Ry,| follow the same

their designed positions according to Rician distribution given by
. ki — (512 — [ ALEL ) if |Ry,| > |Ry,| o
Mint = B " (12) _ytrR .
’ {kz — (5124 [BALELT ), i |Ry,| < |Ru,. Foear(y) = —e >R IO(“R—ﬂ), y>0, (15)
In contrast to the standardised P1 symbol, which requires 7R 7R

a large number of correlations at the receiver for detectigherel,(e) is the zero-order modified Bessel function of the

the TPS, the proposed preamble design only requires a singiét kind [18].

correlator for detecting the TPS, hence yielding a conaioler  Assuming that the correlation of the training sequences is
reduction in the receiver’s complexity. unity for a perfect alignment and zero otherwise, both the

An example of the correlation function of (8) recorded fofeal and imaginary parts of the side-lobes follow the Garssi

transmission over the AWGN channel at SNR) dB is shown  gjistribution IV (0, o2). Thus, the side-lobe metridy .y, 1,

in Fig. 3. We observe a shift of the correlation peak for CEO has a Rayleigh distribution given by

500 kHz from the reference position of CF© 0. This shift

gives a fine estimate of the integer CFO. It can also be seen _ Yy —;;—22

from Fig. 3 that an accurate estimate A~f. may be inferred fuiae(y) = ge *y>0. (16)

from the distance between the two correlation peaks. ) ) )
The expectations of the correlation peak and side-lobes at

IV. PERFORMANCEEVALUATION different SNRs are illustrated in Fig. 4, where the dasheeisli
We first analyse the theoretical performance of the proposédicate the standard deviations from the expectation. sie ¢
preamble design in the AWGN channel, and then compapbserve that for SNR —5 dB, the correlation metric can
its signalling performance for transmission over frequencreliably separate the peak and the side-lobes.
selective fading channels to that of the standardised Pdnpre  Next the probability of false detection is analysed. Consid
ble using simulations. A comparison of the signalling détec ering the first half of{ Ry}, the probability that the side-lobe
complexity required by the two desians is also aiven.

1
0.8 T T
CFO=0 0.9t =
o7l —+— CFO=500kHz | |
. 0.8}
0.6 1 0.7
©
05} m. o+ + 1 £
g int c
2 —> < 2 05F
© 04} 1 g
S AL 5 0.4}
03} 1 03l
Sidelobe
ozl < 0.2 1
0P 2 e m 1
0-‘-'-‘-'-‘-"@‘-“ ----------- A‘-“:“:":“:“:
-10 -5 0 5 10

0 200 400 600 800 1000 SNR (dB)

Subcarrier index . . . .
Fig. 4. Expectations of the correlation metric for the pregm preamble

Fig. 3. Correlation results of the proposed preamble desighe AWGN design in the AWGN channel given different SNR values, whbedashed
channel given SNR=0 dB. lines indicate the standard deviations from the expectatio

Copyright (c) 2011 IEEE. Personal use is permitted. For any other purposes, Permission must be obtained from the IEEE by emailing pubs-permissions@ieee.o



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

5

10 Theo ; performance of the S2 signalling is marginally better thzat t
: ry bound ; .
- © - Proposed singalling of the proposed preamble, while the detection performance
\7‘:\':&\ : e of the proposed signalling is much better than that of the S1

signalling. Thus, the signalling detection performancehaf
proposed preamble design is better than the average signall
detection performance of the standardised P1 symbol oeer th
AWGN channel.

False Detection Probability

B. Simulations over Frequency-Selective Channels

A simulation study was then carried out to compare the
signalling detection performance of the proposed preamble
with that of the standardised P1 symbol for transmissiorn ove
_ . - frequency-selective channels. The same DVB-T2 transamissi
SNR (dB) parameters were adopted and the signal powers of both
preambles were normalised in the simulation to ensure a fair
comparison. The duration of the both preambles 9alsyis in

Fig. 5. False detection probabilities of the proposed diijgaas well as the
DVB-T2 S1 and S2 signalling over the AWGN channel, in comgami with

the theoretical bound. the nominal 8 MHz system. The Brazil DTV field testing 2nd
channel model (Brazil-B) [4] and the China DTV testing 8th
|Rk|yz, is higher than Ry, | is given by channel model (CDT-8) [19] were adopted in the simulation.
N 22t It should be noted that an unattenuated echo occurs in the
Py Tt uR-Y CDT-8 channel at a delay of 30s, which results in severe
P(|R > |R = == *m ] dy. - . ! i
(' ligr, > | kl') /0 012%6 : 0( o% ) 4 frequency selectivity. The signalling error rate (SER)firti=dl

(17) as the false signalling detection probability, was evaldat

The false peak detection probability is thus Fig. 6 depicts the SER results obtained for the S1 and S2
signalling of the P1 preamble as well as for the proposed

Fr= P({ ngin%ai#kl |2 } > | B, |) signalling (labelled as Sp) over the Brazil-B and CDT-8istat
N_ channels, while Fig. 7 compares the results for the Brazil-B
=1- (1 - P (|Rk|k;ﬁk1 > |Rk1|)) o (18) and CDT-8 fading channels with 50 Hz Doppler frequency.
) . For the Brazil-B channel whose frequency selectivity is not

If the both correlation peaks are detected, the estimafian/o severe, it can be observed that the proposed signalling\thi

and MMint is deemed to be achieved. Thus the false det?CtiQr‘similar SER as the S2 signalling, while outperforming the
probability for AL, denoted ag’p a1, and the false detection g4 signalling. It can also be seen from Figs. 6 and 7 that the

probability for mix, denoted a¥rp ., are given by proposed signalling achieved the performance gains bytabou
Pep.aL = Prpmy, =1 — (1 — Py)?, (19) 2.5and 1.5dB, respectively, at the SER level of 2 over the
severely frequency-selective CDT-8 static and fading nkém

both of which are a function of the SNR. The reason for much better signalling performance of the

The theoretical lower bound (19) is depicted in Fig. Sroposed preamble for transmission over severely frequenc

in comparison to the performance of the proposed signallidgiective channels can be explained as follows. Both the
detection obtained by simulation, which exhibited about O.

dB degradation from the theoretical bound. The degradatiol
the actual signalling detection from the theoretical lobveund
is mainly due to the following two factors. Firstly, having
realistic timing recovery imposes some phase rotationr a
the FFT based demodulation. Secondly, the residual fraaitic

CFO imposes some ICI, which also results in an SNR Ic ¢ - \"‘\’
quantified as [13] « e m‘ ~3
- 2 e T~
SNRss (dB) < 10-log (1 05047 SNR- S””“) ) <
(sinme/me) 5 : .

) (20) 7 e
wheree = fi.. — fre 1S the normalised residual CFO after tr I —o— Sp, Brazil-B| |
fractional CFO compensation. Lo = B - S1,CDT-8

The signalling detection performance of the standardi: e o core
P1 symbol over the AWGN channel obtained by simulatior T e S
also given in Fig. 5 for comparison. Note that the S1 and SNR (dB)

fields of the standardised P1 symbol have different presitl o ) o
6. Signalling error rate comparison of the S1 and S2adligiy in the

while the, 7_-b|t S|gnaII|ng of the propqsed preamble has F@.preamble as well as the proposed signalling (Sp) over theilBB and
same priority. It can be seen from Fig. 5 that the detecti@bT-8 frequency-selective static channels.
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10° p ; : : : V. CONCLUSIONS
—b— S1, f4=50 Hz, Brazil-B . . ) . .
—_g:gi ;jigg Hz. g::;:::g An improved preamble has _been des_lgned for signalling in
— b - 1 f4=50 Hz, CDT-8 OFDM broadcast systems, which exploits the presence of 128
107 L Rt s :25 agiabding: possible distances between a pair of training sequencé®in t
2 & - a~g: ’ : FD to infer the 7-bit signalling information. Only a single
s correlator is required at the receiver for signalling detec
LE, < 4 Compared to the standardised P1 symbol of DVB-T2, the
£ LA b proposed design reduces the numbers of multiplications and
2 hR-N - additions by about 40% and 20%, respectively. The simuiatio
\o\ B results have also shown that the proposed preamble achieves
> a better signalling detection performance, in terms ofefals
detection probability, than the standardised P1 preamble.

10 i H H H H H i H
-1 0 1 2 3 4 5

SNR (dB)

Fig. 7. Signalling error rate comparison of the S1 and S2adiigg in the (1]

P1 preamble as well as the proposed signalling (Sp) over theil8B and
CDT-8 frequency-selective fading channels with 50 Hz Depjitequency.

(2]
P1 symbol and proposed design use differential decoding to
alleviate the impact of the channel phase. The larger theepha[3
difference for two adjacent sub-carriers is, the less &ffec [4]
this differential decoding is. The frequency response @f th
CDT-8 channel varies significantly from sub-carrier to sub-
carrier owing to the severe channel frequency selectiVite 5]
active sub-carriers in the standardised P1 symbol are ralydo
distributed in the FD, and the phases of two adjacent activ[g]
sub-carriers can differ significantly. By contrast, the sha
difference of two adjacent sub-carriers is much smalletter
proposed preamble, whose sub-carriers are closely adjacen

(8]

(7]

C. Comparison of Computational Complexity

As detailed in Section Il, the detection of the P1 signalling®]
in DVB-T2 includes four main steps: the sub-carrier pattefg,
matching, descrambling, differential detection and datien
with the local CSS. By contrast, the proposed detection ®f tFl 1
7-bit signalling information only requires differentiaédoding
and correlation with the local PN sequence. The computation
complexity of the signalling detection algorithm may be gua [12]
tified in terms of the number of multiplications and addison
required. Assuming that the system is designed to cope with]
a maximum CFO oft500 kHz, i.e., up to+56 sub-carriers,
the total number of computations imposed by detecting thg,
standardised P1 signalling includes

384456 x2+384x2=1,264
[complex-valued multiplications]

384 X 56 x 2+ 256 x 128 + 64 x 48 = 78,848
[complex-valued additions]

[15]

(21) [16]

By contrast, the proposed signalling detection requires

255 x 2+ 56 x 2+ 128 = 750
[complex-valued multiplications]

255 x (56 x 2 4+ 128) = 61,200
[complex-valued additions]

[17]

[18]
(22)
[19]

The proposed signalling detection method reduces the numbe
of multiplications by about 40% and the number of additions
by 20%, in comparison to the standardised P1 symbol design.
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