
Method for determining a residual frequency offset,
communication system, method for transmitting a
message, transmitter, method for processing a message
and receiver Field of the invention The invention
relates to a method for determining a residual
frequency offset, a communication system, a method for
transmitting a message, a transmitter, a method for
processing a message and a receiver. Background of the
invention In a SISO (single input single output) OFDM
(orthogonal frequency division multiplexing) system,
i.e. a communication system with one transmit antenna
and one receiver antenna which uses modulation of a
plurality of subcarriers according to OFDM for data
transmission, preambles are sent before the user data
is sent for various reasons. First, short preambles
are sent for timing synchronisation and frequency
synchronisation, in particular for frequency offset
estimation. Frequency offset estimation is necessary
since in practical data communication, it cannot be
expected that the local oscillator frequency at the
receiver is identical to that of the signal carrier
generated at the transmitter. This is for one due to
circuit limitation and it particularly arises if the
receiver is in relative motion to the transmitter as
Doppler shift is inevitably introduced to the carrier
frequency.A frequency offset may lead to inter-carrier
interference (ICI). For a multicarrier system, such as
one that adopts OFDM, a residual frequency offset
results in a significant performance degradation.
After the short preambles, relatively few long
preambles are sent in a SISO OFDM system (two in case
of a system according to the IEEE802.11a standard, see
[I]) which are employed for channel estimation. Since
only a single channel is established, few long
preambles are enough for channel estimation. In case
of a MIMO (Multiple Input Multiple Output) system
where a plurality of transmit antennas are used,
however, a higher number of long preambles is
necessary in order for all channel information to be
extracted since a plurality of 



physical channels are employed for transmission. In
fact, it can be shown that in case of a MIMO system,
the number of long preambles should be no less than
the number of transmit antennas. Such an increase of
the number of long preambles compared to a SISO system
has the consequence that the time for transmission of
the long preambles, also called the long preamble
duration, is increased compared to a SISO system. This
gives rise to a more substantial rotation of the phase
in the data symbols succeeding the long preambles in
the presence of a residual frequency offset which is
involuntary due to the finite number of short
preambles for frequency offset estimation (FOE) in a
practical communication systeiruDue to the severity of
the distortion, the data symbols sent first can
typically not be adequately corrected and error bits
and error packets are caused. In [2] an estimator for
frequency estimation is described. An object of the
invention is to provide a method for improved residual
frequency offset estimation in communication systems.
The object is achieved by a method for determining a
residual frequency offset, a communication system, a
method for transmitting a message by a transmitter, a
transmitter, a method for processing a message and a
receiver with the features according to the
independent claims. Summary of the invention A method
for determining a residual frequency offset between a
transmitter and a receiver in a transmission of data
via a communication channel is provided, wherein a
message is transmitted from the transmitter to the
receiver via the communication channel. The message
comprises at least one short preamble, at least one
long preamble and user data and the at least one long
preamble comprises residual frequency offset
determination information. The residual frequency
offset is determined based on the residual frequency
offset determination information. Further, a method
for transmitting a message by a transmitter is
provided, wherein a message is generated wherein the
message comprises at least one short preamble, at
least one long preamble and user data and the at least
one longpreamble comprises residual frequency offset
determination 



information and the message is transmitted to a
receiver via a communication channel. The residual
frequency offset determination information allows the
receiver to determine a residual frequency offset
between the transmitter and the receiver in the
transmission of data via the communication channel .
Further, a method for processing a message by a
receiver is provided wherein a message is received
from a transmitter via a communication channel which
message comprises at least one short preamble, at
least one long preamble and user data, wherein the at
least one long preamble comprises residual frequency
offset determination information. A residual frequency
offset between the transmitter and the receiver in a
transmission of data via the communication channel is
determined based on the residual frequency offset
determination information. Further, a communication
system, a transmitter and a receiver according to the
method for determining a residual frequency offset,
the method for transmitting a message and the method
for processing a message described above are provided.
Short description of the figures Figure 1 shows a
communication system according to an embodiment of the
invention. Figure 2 shows a transmission block
according to an embodiment of the invention.Detailed
description Illustratively, the long preambles are
used for residual offset estimation. In this way, even
when a lot of long preambles are transmitted, as it is
the case in case of a MIMO (multiple input multiple
output) system, since relatively many long preambles
are necessary for channel estimation, the residual
frequency offset can be estimated and compensated
without data loss. The invention is for example
applicable to communication systems according to WLAN
Hn, i.e. for wireless local area networks, but may
also be applicable to large area communication systems
such as mobile telephone communication systems.
Embodiments of the invention emerge from the dependent
claims. The embodiments which are described in the
context of 



the method for determining a residual frequency offset
are analogously valid for the communication system,
the method for transmitting a message, the
transmitter, the method for processing a message and
the receiver. In one embodiment, at least one short
preamble comprises frequency offset determination
information and a frequency offset is determined based
on the frequency offset determination information. The
data can comprise further residual frequency offset
determination information and a residual frequency
offset determination can be carried out based on the
further residual frequency offset determination
information.In one embodiment, the communication
channel comprises at least one data subchannel and at
least one pilot subchannel. The at least one long
preamble may further comprise channel estimation
information based on which a channel estimation is
performed to determine the transmission
characteristics of the communication channel and the
frequency offset determination information may be
transmitted via the least one pilot subchannel and the
channel estimation information may be transmitted via
the at least one data subchannel. This means that the
pilot subchannels are used in the period of long
preamble transmission to transmit special symbols
(i.e. pilot symbols), that allow the receiver to
perform a residual frequency offset estimation. In one
embodiment the message is transmitted via a plurality
of transmit antennas. The message may be received via
a plurality of receive antennas. The message is for
example transmitted according to OFDM. In one
embodiment, when the residual frequency offset has
been determined based on the residual frequency offset
determination information, a phase compensation is
carried out for at least one signal value which is
received in the transmission of the message based on
the determined residual frequency offset. For example,
at one moment in time based on the frequency offset
determination information transmitted so far, a
residual frequency offset determination may be carried
out and all signal values received in the following
are corrected(i.e. phase compensated) based on the
determined frequency offset. When successively more
residual frequency offset 



determination information is received in the course of
time, the residual frequency offset may be determined
again to improve the current estimate of the residual
frequency offset . In the embodiment described below,
special pilots embedded in both long preambles and
data are described. A recursive estimation algorithm
based on the linear prediction method in [2] is
described and a compensation formula that counteracts
the effect on both the channel estimate and the data
is given. Illustrative embodiments of the invention
are explained below with reference to the drawings.
Fig.l shows a communication system 100 according to an
embodiment of the invention. The communication system
100 comprises a transmitter 101 (only partly shown in
fig.l) and a receiver 102. The transmitter 101
comprises a plurality of transmit antennas 103,
wherein each transmit antenna 103 is used for signal
transmission. Data (user data, preambles, etc.) to be
sent by a transmit antenna 103 in form of a radio
signal is supplied to the transmit antenna 103 by a
respective IFFT (inverse fast Fourier transform) unit
104. Radio signals transmitted by the transmitter 101
are received by the receiver 102 via a plurality of
receiver antennas 105.Modulation of subcarriers
according to OFDM (orthogonal frequency division
multiplexing) is used for the transmission of signal
values form the transmit antennas 103 to the receiver
antennas 105. A s the local oscillator in the receiver
102 cannot be guaranteed to operate at exactly the
same frequency as the one in the transmitter 101 due
to relative motion or imperfection in hardware
circuitries, the disparity gives rise to a frequency
offset which rotates the received signals by an angle
that grows with time. Therefore, short preambles are
sent prior to user data. This is illustrated in Fig. 2
. Fig. 2 shows a transmission block 200 according to
an embodiment of the invention. The transmission block
200 is sent from the left to the right, i.e. the
elements of the transmission block 200 



farthest to the left are sent first. The transmission
block 200 comprises short preambles 201 that are sent
first and which are used for frequency offset
estimation (FOE) by a FOE unit 106 of the receiver 102
after reception of the short preambles. The FOE unit
106 estimates the frequency offset, in Fig.l denoted
by y . A frequency offset compensation unit 107
receives the frequency offset estimate y as input and
compensates the frequency offset for all further
received signal values. After frequency offset
compensation, there remains a residual frequency
offset, although usually a small quantity, in theform
of inter-carrier interference that destroys the
orthogonality among the frequency subchannels and
could thus - if not compensated for - cause total
system failure. In the IEEE8 02.11a standard,
frequency subchannels of indices [8,22,44,58] (with
reference to the convention from 1 to 64) are
dedicated for pilot transmission in a SISO (single
input single output) system with 64 frequency
subcarriers . It is assumed that the communication
system 100 is a MIMO (multiple input multiple output)
system with N- transmit antennas 103 and Nr receive
antennas 105. The same frequency subchannels as in the
IEEE802.11a standard, i.e. the frequency subchannels
of the indices [8,22,44,58] are used in this
embodiment for the delivery of pilot symbols as is
described in the following. The transmission block 200
comprises a plurality of long preambles 202 which are
sent after the short preambles. The signal values of
the long preambles 202 that are transmitted in the
frequency subchannels of the indices [8,22,44,58] are
given by the signal values A f - n wherein A n denotes
the signal value which is transmitted in subchannel f
via transmit antenna t at time n . These signal values
are also referred to as the pilots embedded in the
long preambles. The receiver 102 receives via transmit
antenna r and subchannel f at time n the discrete
signal value (in the frequency domain)Nt ej64Lf,r,n
Hf r t Lf,t,n wn + Vf,r,n (D t=l where H f r is the
channel gain o f the subchannel f 



established between transmit antenna t and receive
antenna r , w denotes the residual frequency offset at
the receiver 102 (as explained above after performing
frequency offset estimation and frequency offset
compensation based on the short preambles 201) and V f
r n i s the AWGN sample. The time index n is chosen
such that n=l corresponds to the first o f the long
preambles 201 and n N p corresponds t o the last o f
the long preambles 201. In the following, the
selection o f the Lf n corresponding t o f e
[8,22,44,58] i s explained. The L f r n corresponding
t o these Lf n according t o equation (1) are used,
after being processed by a respective FFT unit 108, b
y a residual frequency offset estimation unit 109 to
estimate the residual frequency offset w . It can b e
seen from (1) that i f Lf (- n i s designed t o b e
independent o f t such that Lf n = f V t = 1,2,...,N^,
then the signal L f ,r,n (Nt ,jb4wn + S Hf,r,t v f,r,n
(2) L f,n :=1 Lf ,n will sketch a complex sinusoid in
n for every f and r when the noise samples at
different times n are shaped t o the samevariance by
setting Lf t = s x h i h implies a fixed power in each
pilot symbol. Since f e [8, 22 , 44, 58] and r e [1, 2
, ...,Nr ], there exist 4N r independent complex
sinusoids of different amplitudes  -- i f ,r ,t 'Du
equal frequency 64w . To conform to the pilot values
in IEEE802.11a (see [I]) a s closely as possible, the
assignment L n = -L22 n = 44 n = - -5 8 n s use in
this embodiment. A cyclic-prefix-free long preamble
design is used in this embodiment. In this case, the
last 16 of the 64 samples in each long preamble symbol
in the time domain need to b e independent of n . This
implies that Lf n = Lf for f G [8, 22, 44, 58] . The
above criteria can b e summarized as Cl) transmit
antenna independence to produce independent complex
sinusoids at the receiver 102 C2) subchannel pilot
value assignment in consistence with 



IEEE802.11a standard C3) time independence to satisfy
requirement for cyclicprefix- free long preamble
design These criteria can be fulfilled b y
appointingFor N-j- = 6 and Nr = 3 , this is
illustrated by table 1 for the subchannels f [8, 44,
58] and is illustrated by table 2 for the subchannel f
= 22. transmit antenna index -> 1 1 1 1 1 1 time 1 1 1
1 1 1 index -I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 table 1 transmit antenna index -> -1 -1 -1 -1
-1 -1 time -1 - 1 -1 -1 -1 -1 index -I -1 -1 -1 -1 -1
-1 _ i -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
table 2 With (2) , the problem of phase compensation
is turned into one of single tone parameter
estimation, which is classical in the field of signal
processing with a variety of ready solutions in the
literature. The linear prediction estimator (see [2])
works to a reasonable accuracy at an affordable
computational complexity and is particularly appealing
in terms of implementation compared with Kay's
estimator introduced in [2] . When applied to (2) for
a single subchannel f and a single receive antenna r ,
the estimator output readsFor N-|- = 6 and Nr = 3 the
L f r n received by the receiver 102 are illustrated
in tables 3 to 5 (where time grows downwards in the
tables) . MC table 4 receive antenna 3 L8, 3 1 L22 ,
3, 1 L44 3, 1 L58 , 3, 1 L8, 3, 2 L22, 3/ 2 L44 , 3, 2
L58 , 3,table 5 



On account of Lf n being independent o f t and n by
design (as described above) , each column in tables 3
to 5 forms a complex sinusoid o f a different
amplitude but equal frequency. Using the received long
preambles, i.e. using the L f r ri' he residual
frequency offset estimation unit 109 generates
residual frequency offset estimates a p n (depending
on the current time given b y the time index n )
according to aLP,l =  aLP,n = a LP,n-l + S S L f,r,n
Lf,r,n-l' n = 2 , 3 , ,NL P fe[8,22,44,58] r=l Z aLP,
n wLP,n = (5) 64 which is an extension of (4) . The
time index n=2 corresponds to the second long preamble
o f the long preambles 202, n=3 refers to the third
long preamble of the long preambles 202 and so on.
Note that the residual frequency offset estimate ("LP
n is dependent on time (note the time index n ) . When
more L f r n become available in the receiver 102
(corresponding to a growing time index n ) the
residual frequency offset estimate will typically
become better. When all long preambles 202 have been
transmitted, the residualFOE unit 109 will have
generated the residual frequency offset estimate COLP
T P Finally, the transmission block 200 comprises a
plurality of data symbols 203 which are transmitted by
the transmitter 101 after the long preambles 202. The
signal values of the data symbols 203 that are
transmitted in the frequency subchannels of the
indices [8,22,44,58] are given by the signal values F
f - n wherein Ff (- n denotes the signal value which
is transmitted in subchannel f via transmit antenna t
at time n . These symbols are also referred to as the
pilots embedded in the data symbols . The pilots
embedded in the data symbols can be developed
following similar principles as the pilots embedded in
the long preambles. In contrast to (1), the received
signal values Df r n corresponding to the F f n are
given by 



Df,r,n = + Vf,r,n (6) where as above, f specifies the
subchannel, t the transmit antenna, r the receive
antenna and n is the time index. To distinguish from
Vf r n , a different notation Vf,r,n is adopted for
AWGN (additive white gaussian noise) samples. Unlike
the long preambles Lf ,n which can be manipulated so
that no cyclic-prefix is required, the data signal
values F f t n assume no such freedom. In the case of
OFDM(orthogonal frequency division multiplexing) ,
that is used in this embodiment, the presence of
cyclic prefix sets each OFDM symbol to 80 M-ary
symbols in length. Consequently, the frequency in (6)
is 80w instead of 64w in (1) and criteria C3 above is
no longer applicable. The pilots are thus chosen
independent of t but dependent on f and n , or
quantitatively where kn e {1, -1} is a function of n
in compliance with the pseudorandom sequence for the
SISO pilots specified in the IEEE802.11a standard (see
[I]). The definition according to (7) is illustrated
for N = 6 and Nr = 3 , for the subchannels f e [8, 44,
58] in table 6 and is illustrated by table 7 for the
subchannel f = 22. transmit antenna index - Ic 1 ki Ic
1 Ic 1 Ic 1 ki time 2 k2 Ic 2 2 2 k2 index 4- 3 3 3 3
3 3 table 6 transmit antenna index -> -ki -ki -ki -ki
-ki -kitime - 2 - k2 - k2 - k2 - k2 - k2 index -I- -
k3 - k3 - k3 - k3 - k3 - k3 table 7 The pilots
embedded in the data symbols, i.e. the Df -j- n for f
[8, 22, 44, 58] are used similarly as the pilots
embedded in the long preambles by the residual
frequency offset estimation unit 109 to estimate the
residual frequency offset. The counter part of (4) in
estimating each of the tone frequency in the 4Nr
subchannels is w knkn -lDf,r, n Df,r,n-l (8) Equation
(8) is arrived at based on (7) and the property that 



kn {1, -1} by design. By extending to multiple
subchannels and rewriting in recursive form, (8)
becomes T Lp NLp a DATA,0 = L p,NLP e o = 1 Df,r,0 = f
, r NLp ,a DATA,n = a DATA,n-l 1 , 2 , aDATA, n
wDATA,n = 8 0 (9) The accumulated sum a p jt p that is
generated by the residual FOE unit 109 based on the
long preambles according to (5) is used as the first
value in a n for accuracy enhancement. The exponential
factor in the first line of (9) is introduced to
account for the difference in frequency arising from
the absence of cyclic prefix in the long preambles as
indicated in (2) and (6) . In one embodiment, there
may be two signal field symbols and n=l corresponds to
the first signal field (SF) symbol, n=2 to the second
SF symbol, n=3 to the first data symbol and so on. For
N - = 6 and Nr = 3 the Df r n received by the receiver
102 are illustrated in tables 8 to 10 (where time
grows downwards in the tables) .table table 9 table 10
Each of the columns in tables 8 to 10 can be regarded
as a single complex sinusoid. In the following, the
effect of a residual frequency offset in the time
domain on the symbols in the frequency domain is
discussed. For ease of presentation, the noiseless
case is considered, although the same argument applies
otherwise. Suppose a time sequence yn , n= 1 , 2 ,
..., N , is multiplied with the complex sinusoid e w
n+< where w D 1 . Upon performing discrete Fourier
transform on the product, the frequency domain signal
can be written in matrix form aswhere y = y 1 y2 - yN
] , P = d iag {e (w + ) e w2+ f) ... eJ(wN + f) } and
s the Fourier 



transform matrix. If the effect of the sinusoid is to
be modelled in the frequency domain with a diagonal
matrix Q by then The above approximation applies for
the matrix JT and any orthogonal transform having
fixed power in every element like the Hadamard matrix,
and is exact at the diagonal entries. Based on such an
approximation, the time domain models and frequency
domain models are related as depicted in table
11.Transmitter, method for generating a plurality of
long preambles and communication device Field of the
invention The invention relates to a transmitter, a
method for generating a plurality of long preambles
and a communication device. Background of the
invention With the introduction of multiple antennas
in the realization of MIMO (Multiple Input Multiple
Output) systems, the transmission capacity of OFDM
(orthogonal frequency division multiplexing) systems
is largely expanded as the number of communication
channels in space is multiplied. This benefit is
derived, however, at the expense of a more complex
receiver design compared with the SISO (single input
single output) solution. A direct consequence of the
MIMO structure that contributes to the added
complexity is the need for " identification of more
spatial channels. More sophisticated channel
estimation schemes and more pilot symbols are
therefore n eeded . Several challenging issues are
posed when considering the design of pilots for
channel estimation. The most pressing of all is
associated with the provision of adequate information
for identifying all channel responses between every
transmit and receive antenna pair. More preambles
certainly allow for more accurate channel estimation
and simpler design, but are too expensive to engage
due to a reduction in throughput. An excessive rise in
overhead can undermine the whole idea of enhancing
data throughput in MIMO transmission altogether.Fig.l
shows a long preamble 100 according to prior art. The-
long preamble 100 is used for the single antenna case
and comprises three OFDM symbols 102 of FFT (fast
Fourier transform) size Npp = 8 and each OFDM symbol
comprises a 



cyclic prefix (guard interval) 101 of the length N P =
3 modulated symbols. In this conventional design, one
cyclic prefix 101 is provided for each OFDM symbol 102
in the long preamble 100 to protect it against
inter-symbol interference (ISI) . An object of the
invention is to provide a method for generating long
preambles such that the transmission overhead
necessary for long preamble transmission can be
reduced compared to prior art . The object is achieved
by a transmitter, a method for generating a plurality
of long preambles and a communication device with the
features according to the independent claims. Summary
of the invention A transmitter is provided comprising
a determination unit for determining a plurality of
symbols such that each symbol comprises a tail
component and the plurality is determined in such a
way that the tail components are substantially equal.
The transmitter further comprises a tone generation
unit for arranging the plurality of symbols to form a
plurality of long preambles such that the plurality of
long preambles is tone-interleaved.Further, a method
for generating a plurality of long preambles and a
communication device according to the transmitter
described above are provided. Short description of the
figures Figure 1 shows a -long preamble according to
prior art. Figure 2 shows a transmitter according to
an embodiment of the invention. Figure 3 shows three
long preambles according to an embodiment of the
invention. Figure 4 illustrates the frequency domain
power in the transmission of. long preambles according
to an embodiment of the invention. Figure 5
illustrates the time domain values according to an
embodiment of the invention. Figure 6 illustrates the
time frequency domain values according to an
embodiment of the invention. Detailed description
Illustratively, the symbols are determined in such a
way that they share a common tail and long preambles
are generated 



such that .they are tone-interleaved. Due to the
common tail, no cyclic prefix of the symbols in the
long preambles is necessary. Therefore, the long
preambles can be significantly shortened compared to
prior art. In particular, in case of a MIMO (multiple
input multiple output) system., whererelatively many
Long preamble symbols are necessary for channel
estimation, a substantial reduction in transmission
overhead can be achieved without compromise in
performance. The common tail may be seen as an
apparent cyclic prefix which is absorbed into each
long preamble. The toneinterleaving property allows
for simple channel estimation at the receiver. In one
embodiment, an iterative method is employed to meet
the requirement of unit preamble amplitude in the
frequency domain and orthogonality in space-time for
optimal channel estimation performance. A template
vector is constructed in one embodiment as a basis to
facilitate the design of long preambles transmitted at
different time and space regardless of the number of
transmit and receive antennas in the corresponding
communication system. Embodiments of the invention
emerge from the dependent claims. The embodiments
which are described in the context of the transmitter
are analogously valid for the method for generating a
plurality of long preambles and the communication
device. The symbols are in one embodiment modulation
symbols. For example, the symbols are OFDM symbols.
The symbols can be determined based on a decomposition
of a plurality of frequencies into
passband-frequencies and stopband-f requencies . In
one embodiment, the -symbols are determined based on a
decomposition of a Fourier transform matrix in at
least two matrices according to the decomposition of
the frequencies.The symbols are for example determined
based on a determination of the nullspace of one of
the matrices, into which the Fourier transform matrix
is decomposed. The transmitter is for example adapted
according to a MIMO system. The communication device
may be adapted as a base station. The communication
device may also be adapted as a mobile communication
device. 



Illustrative embodiments of the invention are
explained below with reference to the drawings. Fig. 2
shows a transmitter 200 according to an embodiment of
the invention. The transmitter 200 has the structure
according to a MIMO (multiple input multiple output)
system. The transmitter 200 comprises three transmit
antennas 201 which is each used to transmit one of a
plurality of data streams 202, wherein the data
streams 202 are supplied to the transmitter 200 by
some data .sources (not shown) . Alternatively, one
single data stream 202 may be supplied to the
transmitter 200 which is mapped to three different
data streams by the transmitter 200. The transmitter
200 comprises an OFDM (orthogonal frequency division
multiplexing) unit 203 which modulates subcarriers
sent by the transmit antennas 201 according to OFDM
modulation such that the data corresponding to the
data streams 202 are transmitted.The transmitter 200
further comprises a preamble generator that is adapted
to generate long preambles that are prepended to
blocks of data before the blocks of data are sent.
Fig. 3 shows three long preambles 300 according to an
embodiment of the invention. Each of the long
preambles 300 is sent by one transmit antenna 201 of
the transmitter 200. The long preambles 300 are
followed by some data to be sent (corresponding to the
respective data stream 202) and there may also be sent
short preambles before the long preambles 300 are
sent. A s can be seen from fig. 3 , the long preambles
300 do not comprise an explicit cyclic prefix (guard
interval) between the OFDM symbols 301 that are
contained in the long preambles 300. The values of the
OFDM symbols 301 are tuned in such a way that an
identical tail 302 is shared by all OFDM symbols 301
corresponding to the same long preamble 300. The tail
302 serves the function of an official cyclic prefix.
In the long preamble 300 shown top in Fig. 3 the
values {6,7,8} can be seen as both part (tail) of each
OFDM 301 symbol of length 8 as well as the cyclic
prefix of the following OFDM symbol 301. This idea is
applied to every transmit antenna 201. 



In the following, it is described how the values of
the long preambles 300 are calculated. Denoting the
s-th OFDM symbol in the a-th transmit antenna in the
time domain by the vector t _a s , its frequency
domainequivalent can be obtained through the Discrete
Fourier Transform (DFT) matrix F by a,s = Ft- (D
Rearranging the elements in f_a s into the bandpass
subfrequencies denoted by e_n s and the bandstop
sub-frequencies denoted by On , and observing that ta
s is composed of its head component ha s and its tail
component c :a in the form ha,s a,s (2) (1) can be
re-written after shuffling the rows of F as ,s (3)
where comprises the corresponding components of the
DFT matrix F . Since the tail values are common to all
OFDM symbols, the subscript in the tail c is free from
s . For a general MIMO system with N x transmit
antennas and Nsvm OFDM symbols in each long preamble,
.(3) can be repeatedly used to writeIn this
embodiment, the following criteria are taken into
account: Cl) The long preamble power should be evenly
distributed to each sub-frequency in the passband for
optimal channel estimation performance (see [2] ),
every element in the vector n s is therefore a complex
exponent. C2) The long preambles should be
tone-interleaved in the frequency domain, so different
sub-frequencies at different transmit antennas in the
passband are loaded at different times. For the
simplest case, each sub-frequency at a particular
antenna is loaded only once throughout the long
preamble transmission. This implies that the combined
set of loaded sub-frequencies pertaining to the
vectors e_a ]_, e_a,2' ..., e_a_ r equals to the set
of passband sub-frequencies for each antenna a- 1 , 2
, ..., N x to allow all sub-channels to be estimated
from the long preamble information.For example, in a
system with N = 16, length of cyclic prefix N p = 4
and N x = N3 Y1n = 3 , where the passband covers
sub-frequencies {1,2,3,5,6,10,11,12,13,14,15} and the
stopband [0,7,8,9}, 



= [OlOOlOOOOOlOOlOof , = [0010010000010010]T , =
[OOOlOOlOOOOOlOOlf , can be chosen. This is
illustrated in Fig. 4 . Pig. 4 illustrates the
frequency domain power in the transmission of long
preambles according to an embodiment of the invention.
The nine diagrams 401 to 409 shown in Fig. 4
illustrate the frequency domain loading at different
sub-frequencies, transmit antennas and times for
tone-interleaving long preambles . It can be seen that
each sub-frequency at every antenna is loaded only
once in the whole period of 3 OFDM symbol duration to
enable efficient channel estimation. The union of all
loaded sub-frequencies at each antenna over all
symbols (time) is therefore the set of passband
sub-frequencies {1,2,3,5,6,10,11,12,13,14,15}. C3) No
sub-frequency should be simultaneously loaded at two
different antennas in the same OFDM symbol interval to
avoid contention and interference, which causes the
signals transmitted via different antennas to add up
and become indistinguishable at the receiver.
Referring to the exampleabove, in transmitting the
first OFDM symbol of the long preamble, antenna 1
loads sub-frequencies {1,4,10,13}, antenna 2
{2,5,11,14} and antenna 3 {3,6,12,15}, and thus, no
violation of the condition. The above can be
consolidated to the requirement that if the long
preamble values at each of the sub-frequencies in the
passband is recorded to form a N 3 Y1 x N x matrix,
this timespace matrix has to be orthogonal and the
amplitude of each element needs to be either unity or
zero. Referring again to the same example, the
time-space matrix for sub-frequencies J(* >
{1,4,10,13} iI S 0 j(*) 0 j(*: {2,5,11,14} is J(*) o
and sj(*) 0 {3, 6 , 12, 15} is where represents some
arbitrary real values. All of these matrices are
orthogonal and formed by elements with 



amplitudes of either 1 or 0 . The problem now is to
solve for h_a, S ' ea s and  s , for a = 1,2,...,NTX ,
s 1 2,...,NS y1 subject to the orthogonality
constraint.Equations (4) and (5) can be expressed in
compact form a = a a (6) J Baxa (7) for antenna a . If
every sub-frequency in the passband is loaded only
once throughout the duration of the N3Y1n OFDM symbols
in antenna a , the orthogonality condition is easily
met by applying cyclic shift of the tone assignment in
antenna a to other antennas. As such, only one antenna
a needs to be considered. The solutions to the linear
equation (7) are given by a = Ia, -LS-' 8 wherein a is
arbitrary and Ba j_ is the null space of B_a (i.e. the
columns of Ba form a basis of the null space of _ a )
a JL can e obtained by singular value decomposition
(SVD) of the matrix Ba . Substituting (8) into (b) and
defining M = A B j yields a = Maa (9) to which there
is no closed-form solution. In fact, due to the
nonlinear nature of the equation, it has possibly no
solution. Therefore it is more tractable, instead, to
find, given Ma and that all entries in ea are complex.
exponents, the vector  that minimizes the cost
functionJ _a = |e - Ma| =|a - r I H  a - 1 f 1 1 l + H
- (10) The subscript a has been omitted in the above
for ease of notation. Clearly, the minimum value of J
(a) can be found by 1 IJ setting g = (M M ) M e and
maximizing where a singular value decomposition has
been carried out. Comparing (10) and (11) , it is
evident that to have J (a) = 0 implies eH Uj_ e = 0 or
J 3 ( ) = T r + r- + 2sT Gm c = 0 (13) where c + js =
cos q + jsin q = e (14) and the subscript of q in c
and s has been dropped for simplicity in notation. The
solution can be estimated usingNewton-Raphson' s
iterative method upon expanding (13) into 



its first order Taylor series t o yield the minimum
norm solution of where = 2(CGr s - SGr c + SGms + CGmc
) (18) and C and S are diagonal matrices with their
main diagonals being c and s _ respectively, and
subscripts of q again omitted. The simple example
introduced above is now used to illustrate the
procedures involved in attaining the proposed
toneinterleaving long preambles. Accordingly, it is
assumed that FFT = , NQP = 4 , N x = N3 1n = 3 with
the passband over the sub-frequencies
{1,2,3,5,6,10,11,12,13,14,15} and the stopband
{0,7,8,9}. The following steps are carried out: Sl)
For a tone-interleaving design,,1 E[l,4,10,13},{0,l,.
-,11} F {2, 5 , 11, 14} ,{0, 1 , ...,11} {3 6 , 12,
15} ,{0, 1 , ...,11} = F {0, 2 , 3 , 5 , 6 , 7 , 8 , 9
, 11, 12, 14, 15} ,{0, 1 , ...,11} 1 2 <= F {0, 1 , 3
, 4 , 6, 7, 8, 9, 10, 12, 13, 15} ,{0, 1 , ...,11} {0,
1 , 2 , 4 , 5 , 7 , 8, 9 , 10, 11, 13, 14} ,{0,1,...,
11} l F {1, 4 , 10, 13} ,{12, 13, ...,15} F {1, 4 ,
10, 13} ,{12, 13, ...,15} F {1, 4 10, 13} ,{12, 13,
...,15} E = F {0, 2 , 3 , 5 , 6 , 7 , 8 , 9 , 11, 12,
14, 15} ,{12, 13, ...,15} F {0, 1 , 3 , 4 , 6 , 7 , 8
, 9 , 10, 12, 13, 15} ,{12, 13, ...,15} F = F {0, 1 ,
2 , 4, 5, 7 , 8 , 9, 10, 11, 13, 14} ,{12, 13, ...,
15} is set where Frows columns  n he right hand side o
f the above equations) denotes the sub-matrix
generated by the set of rows and columns (as specified
by the subscripts) of the DFT matrix F . 52) The
matrices A a e D 12x40 and Ba e p 36x40 in (6) and (7)
are then formed according to (4) and (5) . 53) A
singular value decomposition of Ba , which is of rank
36, is then performed. The null space matrix Ba j_ e
can b e easily derived by extracting the 4 columns in
the right singular matrix of Ba that correspond to the
4 zero singular values.S4) The matrix M = AaBa j_ e D
12x4 is then computed to be 0 . 1314 - 0. 0656J 0.
0498 + 0 . 064Oj -0. 0820 + 0 .2557J 0 . 4933 + 0.2236
0. 2629 - 0. 2779J 0 . 1534 - 0 . 3681J -0. 3530 -
0.2282J 0 . 1734 - 0 . 0768J - 0 . 3232 - 0 . 1455J 0
. 2639 - 0 . 0042J -0. 1283 - 0 . 0616J 0 . 0598 + 0 .
0469J 



-0. 0101 + 0 . 190Oj - 0 . 0842 + 0 . 3566J -0. 4363 -
0 . 1382J 0 . 1316 - 0 . 2945J -0. 362 - 0 . 0994J -0.
2704 + 0 . 1212J -0.2168 + 0 . 1434J 0 . 0571 + 0 .
4973J 0. 2859 - 0 . 0424J 0. 2388 + 0 . 0233J - 0 .
0252 - 0 . 3567J 0 . 1752 + 0.2056J M = -0. 0840 - 0 .
4155J 0 . 2432 + 0.253Oj 0.0386 + 0 . 004Oj -0. 1925 +
0 . 021Oj - 0 . 3013 - 0. 0169J -0.2694 + 0.2126J -0.
0367 - 0 . 4315J -0. 1925 + 0 . 021Oj 0. 1290 - 0
.2757J -0. 3740 - 0.2405J -0.2904 - 0 . 0006J 0 .0848
- 0 . 1165J 0.2518 + 0 . 0465J - 0 . 0582 + 0.1704J 0
. 1981 - 0 .1552J -0.2905 - 0 . 1578J 0.3446 - 0 .
2602J 0.. 0283 + 0 . 4322J -0. 0882 + 0 . 1392J
-0.1142 + 0 . 2943J -0.0759 - 0.3421J -0.2172 +
0.0169J 0.3478 - 0.1786J 0.0531 - 0.2601J I y O The
null space _j_ e   of M is similarly obtained from the
8 columns of the right singular matrix of M associated
with the 8 zero singular values. S5) Gr e D 12x12 and
Gm e D 12x12 are calculated in accordance 19v1 with
(15). A random vector 0 e D is fit into (13), (17) and
(18) to produce n after n iterations. S6) The vector q
is then created using (14) . With reference to (4) and
(6), the time domain preamble can be obtained from a =
(!-a ,)+ a ere the superscript + denotes
pseudoinversion, and thereforeThe resulting time
domain preamble values are 0.2763 - 0. 6893J 0 . 6947
- 0 . 3002J ' 0 . 6914 + 0 . 2712J " -0.0888 - 0.0868J
0 . 1021 - 0 . 0441J 0 . 0024 + 0 . 1242J -0.1507 -
0.2166J 0 . 2404 - 0 . 1039J 0 . 0545 + 0 . 2581J
-0.3636 - 0.4049J 0. 4874 - 0 . 1039J 0 . 0457 + 0 .
5423J 0.5349 + 0. 1983J - 0. 5328 + 0 . 2302J 0 . 2222
- 0 . 5255J 0.7882 - 0. 0394J - 0 . 73 91 + 0 . 3194J
0 . 5689 - 0 . 547 Oj -0.1296 - 0.0342J 0 . 0852 - 0 .
0368J - 0 . 0639 + 0 . 1177J 0.0847 - 0. 0864J - 0 .
099 6 + 0 . 0431J 0 . 1209 - 0 . 0025J t a,i = 0.1093
- 0. 082Oj a,2 = - 0 . 0896 + 0 . 0387J a,3 = 0 . 134
6 - 0 . 0233J 0. 0330 + 0. 8921J 0 . 8277 - 0 . 3577J
- 0 . 6270 - 0 . 6354J 0.2270 + 0. 4489J 0 . 4694 - 0
. 2029J - 0 . 1713 - 0 . 47 3Oj -0.2883 - 0.3459J - 0
. 4134 + 0 . 178 6J 0 . 0542 + 0 . 4470J -0.0723 +
0.0313J - 0 . 0723 + 0 . 0313J - 0 . 0723 + 0 . 0313J
-0.1907 + 0. 0824J - 0 . 1907 + 0 . 0824J - 0 . 1907 +
0 . 0824J -0.7950 + 0.3435J - 0 . 7950 + 0 . 3435J - 0
. 7950 + 0 . 3435J 0. 0256 - 0. Olllj 0 . 025 6 - 0 .
Olllj 0 . 025 6 - 0 . Olllj Tone interleaving is
accomplished by setting 



l,l = 2,2 = 3,3 = a l l,2 = t2,3 = 3,1 ,2' (20) l,3
2,1 = 3,2 ta,3 which are mapped to their frequency
domain values via the DFT matrix _F as described in
(1) . Fig. 5 illustrates the time domain values
according to an embodiment of the invention.The time
domain values are shown in the diagrams 501 to 509 for
all antennas according to the example above. The tails
(shown bold in Fig. 3 ) formed by the last four
samples are identical for each antenna. Fig. 6
illustrates the time frequency domain values according
to an embodiment of the invention. The frequency
domain values are shown in the diagrams 601 to 609 for
all antennas according to the example above. There are
situations where the procedure described above is
inadequate for satisfactory tone-interleaving designs.
This occurs when the number of transmit antennas is
too large to allow sufficient degrees of freedom in
(9) to solve (13) . As a result, the long preamble
tones will fail to acquire unit amplitudes in the
frequency domain. In such cases, orthogonality in
space-time for every sub-frequency can be achieved by
introducing special orthogonal matrices as an
alternative to the tone-interleaving strategy. The
idea is to produce common tail long preambles from a
small set of toneinterleaving sequences by linear
combination using orthogonal matrices. To illustrate
the concept, the design example above is considered.
Careful observations shows that the interleaving tones
have amplitudes deviating slightly from unity, by a
maximum of about 1,6%. Instead of designing N x = 3
sets of interleaving tones, n x = 2 < N x sets can be
designed by the same procedure to arrive at0. 6187 + 0
. 274Oj 0 . 4234 - 0 . 6445J 0 . 4016 - 0 . 2019J 0 .
1488 - 0 . 9199J 0 . 1971 + 0 . 2353J - 0 . 0241 + 0 .
8497J 0 . 3187 + 1 . 2004J - 0 . 2119 + 0 . 257Oj 0 .
1768 + 0 . 2978J - 0 . 1768 - 0 . 2978J 0 . 0916 - 0 .
7011J - 0 . 0916 + 0 . 7011J 0 . 2225 - 0 . 0926J - 0
. 2225 + 0 . 0926J - 0 . 1547 + 0 . 0382J 0 . 1547 - 0
. 0382J 



:a,l = - 0 . 6187 - 0 . 274Oj ' ta,2 0 . 4234 - 0 .
6445J - 0 . 4016 + 0 . 2019J 0 . 1488 - 0 . 9199J - 0
. 1971 - 0 . 2353J - 0 . 0241 + 0 . 8497J 0 . 3187 - 1
. 2004J - 0 . 2119 + 0 . 257Oj - 0 . 1768 - 0 . 2978J
- 0 . 17 68 - 0 . 2978J 0 . 0916 + 0. 7011J - 0 . 0916
+ 0 . 7011J - 0 . 2225 + 0 . 0926J - 0 . 2225 + 0 .
0926J 0 . 1547 - 0 . 0382J 0 . 1547 - 0 . 0382J Since
the n - 2 sets have a common tail (the last 4 samples)
in the time domain, if they are linearly combined by
any arbitrary ratio k]_ and k2, the resulting signal
will always end up with a fixed tail so long as k]_ +
k2 is fixed. For instance, if the first set is
multiplied by 1 and the second set is multiplied by e
' or the first set by eJ2p / 3 and the second by 1 ,
ki + k2 = 1 + e 2p l 3 in either case and the
resulting time domain waveforms share a common tail.
Both waveforms do now occupy all. the passband
sub-frequencies instead of being tone-interleaving.
This can be understood when the portions of the two
tone-interleaving sets are mixed in according to the
linear combination. Since the .linear combining ratios
1 and e p ' are both of magnitude 1 , multiplying the
2 sets by these factors does not change theiramplitude
in frequency. A s the 2 sets are still interleaved in
frequency after scaling, adding them together will
result in a waveform loaded a t all passband
frequencies. Following this principle, sets o f long
preamble sequences can b e easily created that meet
the common time domain tail and frequency domain mask
requirements b y linearly combining a small
tone-interleaving set in complex exponent ratios for
each antenna at different times. I f it i s ensured
that the sequences chosen b y different antennas are
orthogonal in space-time for channel estimation, then
the design i s complete. Suppose there are n x
tone-interleaving sets, and set i i s multiplied with
the linear combining coefficient e ' for antenna a
(space) and at long preamble symbol (time) s , then it
i s sufficient for the orthogonality condition t o
hold b y having n Tx "  1 = lcH , i=l (2i; 



I .-iHEi = I , V i = 1 , 2 , ..., nT x where [Ei]a ,s
= e '3 , a = 1 , 2 , .. ., n T x , s = 1 , 2 , ...,
Nsym , 1 i s a column vector o f ones and c e D x x i
s an arbitrary complex vector. The first equation
guarantees that the linear combination ratios add to a
constant over all symbols t o realize a common tail
for each antenna in the time domain. The second
equation ensures orthogonality across space-time.
Referring t o the example, i fis set, the conditions
in (21) are satisfied with El + E2 complete long
preamble sequence at the 3 antennas are obtained as
E]_ (r) t ., + 2 a,2 where (r) represents the
Kronecker product . The common tails are shared at
different times (symbols) . Space time orthogonality
at each sub-frequency can be easily verified from the
frequency domain valuesFor instance, sub-frequency
with index 1 i s loaded i n spacetime with the values
-0. 3047 + 0. 4904J 0. 5770 + 0. 0187J 0. 5770 + 0.
0187J 0. 5770 + 0. 0187J - 0. 3047 -1- 0. 4904J 0.
5770 + 0. 0187J 0 . 5770 + 0 . 0187J 0. 5770 + 0.
0187J - 0. 3047 + 0. 4904J = (-0. 3047 + 0. 4904J)
which is an orthogonal matrix as expected. The
procedure is summarized below: 1 . Given a number of
antennas N x , design tone-interleaving sets for n c
antennas, where n x < x2 . Design mixing matrices Ej_
e NTx x N Tx, i = 1,2, ...,nT x that satisfy (21) and
(22) wherein every element in Ej_ is a complex
exponent. In the extreme case when the degrees of
freedom are still inadequate to solve (13) , extra
freedom can be released by lifting the constraint in
(21) through zero tail adoption. This works by
assigning any arbitrary orthogonal matrix Ei and E_2 =
-Ei to two tone-interleaving sets such that c = 0 _ in
(21) . Since the two mixing matrices work to subtract
the common tails of the tone-interleaving sets in the
time domain, the resulting tail is always zero. The
advantage of this design is that the tone-interleaving
sets can be readily re-used when the number of
transmit antennas in the system configuration changes
by simply employing another orthogonal 



matrix E_]_. Illustrating again with the same example,
by applying FFT as the mixing matrix 1 1 eJ2p / 3 eJ4p
/ 3 Sl = -E2 = - f 1 e J p / 3 e J2p / 3 a zero tail
non-tone-interleaving long preamble sequence can be
generated. If the system is reduced to N X = 2 , a
simple change to a size 2 FFT matrix to1 1 l - -12 1 -
1 leads to a zero-tail preamble design with N = r Nrpc
= sym ~ . In the following, an alternative for solving
equation (9) is given. Assuming that e _a is known,
the minimum squared error solution to (9) can b e
written as = a e (22) Substituting  for a in (9)
results in the iterative equation However, since the
operation on the right hand side does not warrant an
exponential vector required on the left, the iteration
has to be modified as Sa[n+1] = a Ma a[n] where ["]j_
denotes the i-th element o f the vector in the
argument .Claims 1. Transmitter comprising - a
determination unit for determining a plurality of
symbols such that each symbol comprises a tail
component and the plurality is determined in such a
way that the tail components are substantially equal;
- a tone generation unit for arranging the plurality
of symbols to form a plurality of long preambles such
that the plurality of long preambles is
tone-interleaved. 2 . Transmitter according to claim 1
, wherein the symbols are modulation symbols. 3 .
Transmitter according to claim 2 , wherein the symbols
are OFDM symbols. 4 . Transmitter according any one of
the claims 1 to 3 , 



wherein the symbols are determined based on a
decomposition of a plurality of frequencies into
passband-f requencies and stopband-frequencies . 5 .
Transmitter according to claim 4 , wherein the symbols
are determined based on a decomposition of a Fourier
transform matrix in at least two matrices according to
the decomposition of the frequencies. 6 . Transmitter
according to claim 5 wherein the symbols are
determined based on a determination of the nullspace
of one of the matrices, into which the Fourier
transform matrix is decomposed.7 . Transmitter
according to any one of the claims 1 to 6 which is
adapted according to a MIMO system. 8 . Method for
generating a plurality of long preambles - wherein a
plurality of symbols are determined such that each
symbol comprises a tail component and the plurality is
determined in such a way that the tail components are
substantially equal; - the plurality of symbols are
arranged to form the plurality of long preambles such
that the plurality of long preambles is
tone-interleaved. 9 . Communication device comprising
a transmitter, the transmitter comprising - a
determination unit for determining a plurality of
symbols such that each symbol comprises a tail
component and the plurality is determined in such a
way that the tail components are substantially equal;
- a tone generation unit for arranging the plurality
of symbols to form a plurality of long preambles such
that the plurality of long preambles is
tone-interleaved. 10. Communication device according
to claim 9 , which is adapted as a base station. 11.
Communication device according to claim 9 , which is
adapted as a mobile communication device. 


