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DIGITAL VIDEO BROADCAST SERVICE DISCOVERY

FIELD OF THE INVENTION

Embodiments relate generally to communications networks. More specifically,

embodiments relate to digital video broadcast service discovery.
BACKGROUND OF THE INVENTION

Digital broadband broadcast networks enable end users to receive digital content
including video, audio, data, and so forth. Using a mobile terminal, a user may receive
digital content over a wireless digital broadcast network. Digital content can be
transmitted in a cell within a network. A cell may represent a geographical area that
may be covered by a transmitter in a communication network. A network may have

multiple cells and cells may be adjacent to other cells.

A receiver device, such as a mobile terminal, may receive a program or service in a data
or transport stream. The transport stream carries individual elements of the program or
service such as the audio, video and data components of a program or service.
Typically, the receiver device locates the different components of a particular program
or service in a data stream through Program Specific Information (PSI) or Service
Information (SI) embedded in the data stream. However, PSI or SI signaling may be
insufficient in some wireless communications systems, such as Digital Video
Broadcasting - Handheld (DVB-H) systems. Use of PSI or SI signaling in such systems
may result in a sub-optimal end user experience as the PSI and SI tables carrying in PSI
and SI information may have long repetition periods. In addition, PSI or SI signaling
requires a large amount of bandwidth which is costly and also decreases efficiency of

the system.
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BRIEF SUMMARY OF THE INVENTION

The following presents a simplified summary in order to provide a basic understanding
of some aspects of the invention. The summary is not an extensive overview of the
invention. It is neither intended to identify key or critical elements of the invention nor
to delineate the scope of the invention. The following summary merely presents some
concepts of the invention in a simplified form as a prelude to the more detailed

description below.

Embodiments are directed to binary phase shift key modulating a first pilot symbol
according to a reference sequence, and differentially binary phase shift key modulating
a second pilot symbols. The original reference sequence and the delayed differentially
modulated sequence are then combined before performing an Inverse Fast Fourier
Transform and inserting a guard interval. Receiver operations are an inverse of the
transmitter operations, which were just discussed. The receiver does not have to know
the reference sequencé. Embodiments are directed to specifying a plurality of seeds that
are bit patterns each having r bits not all of which have a value of zero, extending the
seeds into respective sequences by applying to each seed a recurrence formula; and
using one of the sequences as a comb sequence and using the sequences other than the

comb sequence as binary phase shift keying patterns.
BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present invention and the advantages thereof
may be acquired by referring to the following description in consideration of the
accompanying drawings, in which like reference numbers indicate like features, and

wherein:

Figure 1 illustrates a suitable digital broadband broadcast system in which one or more

illustrative embodiments of the invention may be implemented.
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Figure 2 illustrates an example of a mobile device in accordance with an aspect of the

present invention.

Figure 3 illustrates an example of cells schematically, each of which may be covered by

a different transmitter in accordance with an aspect of the present invention.

Figure 4 shows a frame and superframe of symbols, synchronization symbols used for
channel searches and service discovery, and data in accordance with an aspect of the

invention.

Figure 5 shows how a signal center frequency may coincide with, or be offset relative

to, a channel center frequency.

Figure 6 is a flow chart showing steps performed by a receiver in accordance with at

least one embodiment.

Figure 7 shows an example of the size of a pilot signal bandwidth relative to a signal
bandwidth and a channel raster bandwidth in accordance with an aspect of the

invention.

Figure 8 illustrates sparse pilot spacing of a pilot sequence for a pilot symbol in

accordance with an aspect of the invention.

Figure 9 is a flowchart showing steps performed by a receiver for performing

correlation in the frequency domain to detect the coarse offset being used.

Figure 10 is a flow chart that shows steps in accordance with an embodiment for

performing a service discovery correlation in the time domain.

Figure 11 shows an example of a pilot / signaling symbol sequence in accordance with

an aspect of the invention.

Figure 12 is a flowchart showing steps of a method performed by a transmitter in

accordance with at least one aspect of the invention.
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Figure 13 illustrates a packet structure in accordance with an aspect of the invention.

Figure 14 illustrates a signaling window offset in accordance with an aspect of the

invention.

Figure 15 illustrates an offset between a current and next sub-signal of a frame in

accordance with an aspect of the invention.

Figure 16 illustrates additional packet structures which may be used to camry signaling

information in accordance with an aspect of the invention.

Figure 17 illustrates an exemplary flow diagram for use in service discovery in

accordance with an aspect of the invention.

FIGs. 18 and 19 depict relationships between P1, P2, and DATA symbols in accordance

with an aspect of the invention.

Figure 20 shows an exemplary frame and slot structure including OFDM symbols and

cells in accordance with an aspect of the invention.

Figure 21 illustrates coherence bandwidth and differential modulation within one pilot

symbol.

Figure 22 depicts differential modulation between two P1 symbols in accordance with

an aspect of the invention.

Figure 23 shows two 1k symbols with 1/1 guard interval and differential modulation

between the symbols in accordance with an embodiment.

Figure 24 shows calculation of sums of received energy from one or more pilot symbols

in accordance with one or more embodiments.
Figure 25 shows a transmitter in accordance with one or more embodiments.

Figure 26 shows a receiver in accordance with one or more embodiments.



[32]

[33]

[34]

[35]

[36]

[37]

[38]

WO 2009/050552 PCT/1IB2008/002639

Figure 27 is a flow diagram that shows steps that may be performed by a receiver in

accordance with one or more embodiments.

Figure 28 is a graph of auto/cross-correlations between pilot sequences and their

frequency offset versions in accordance with one or more embodiments.

Figure 29 is a zoomed in version of the graph of Figure 28 showing the low cross-

correlation range of frequency offsets.

Figure 30 is a graph that shows the envelope amplitude of a first pilot symbol signal in

accordance with at least one embodiment.
Figure 31 is a zoomed in version of the graph of Figure 30.
DETAILED DESCRIPTION OF THE INVENTION

In the following description of the various embodiments,y reference is made to the
accompanying drawings, which form a part hereof, and in which is shown by way of
illustration various embodiments in which the invention may be practiced. It is to be
understood that other embodiments may be utilized and structural and functional
modifications may be made without departing from the scope and spirit of the present

invention.

Embodiments are directed to service discovery and channel search in digital broadcast
networks. Relatively fast service discovery is desirable from a user's point of view.
Naturally, the first time receiver device is used, a blind service discovery / channel
search is performed. Also, when a terminal is switched off and moved to a different
location, a new blind search is also performed. Usually, a mobile TV application also
runs background channel search from time to time in order to detect possible new
services. The blind service discovery should only take a couple of seconds so as not to

irritate the end user and to enable frequent re-scans.
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The challenges related to conventional digital video broadcast service discovery include
the following. The DVB-H standard offers a lot of flexibility for the signal bandwidths,
FFT sizes, Guard Intervals, Inner modulations and the like. Operators may use offsets
for the DVB-H signal, i.e., the signal is not at the nominal center frequency of a
channel, but is offset a certain amount. Different countries use different channel raster
and signal bandwidth. TPS (Transmitter Parameter Signaling) is included in the
standard to help receiver synchronization and channel search. Unfortunately, the
receiver needs to know several parameters before it can decode TPS information.
Signal bandwidth, frequency offset, FFT size, and Guard Interval need to be known
before the TPS can be decoded. Most of the channels in the UHF band do not contain
DVB-H service. The non-DVB-H channels are detected with a trial-and-error method
(trying to achieve lock with all modes), and that consumes a lot of time. The time to
detect non-DVB-H services actually mainly sets the achievable speed for channel

search because usually most of the channels are empty or contain non-DVB-H service.

An example caleulation for the blind service discovery is as follows: number of
channels in UHF 35, (Channels 21-55, 470 -750 MHz); number of frequency offsets 7 (-
3/6, -2/6, -1/6, 0, +1/6, +2/6, + 3/6 MHz); number of signal bandwidths 3 (6MHz,
7MHz, 8MHz. SMHz is separate case only for USA receivers); number of FFT sizes 3
(2K, 4K, 8K); number of Guard Intervals 4 (1/32, 1/16, 1/8 and 1/4); and average time
to decode TPS for one mode 120ms (2K 50ms, 4K 100ms, 8K 200ms). The numbers are

exemplary.

The resulting time for blind service discovery would be in this example: 35 * 7 * 3% 3 *

4 * 120 ms = 1058.4 seconds = 17.64 minutes.

In accordance with embodiments, various methods may be used to reduce how long it
takes to perform channel search / service discovery. The basic idea of the various
methods is to introduce a part of a signal (e.g. initialization/synchronization symbol(s)),
which has known characteristics and remains the same with different digital video

broadcast operation modes. Therefore, the known part of the signal can be decoded
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without having to resort to trial and error methods. The known part of signal contains
the parameters for the rest of the signal; therefore, the rest of the signal can be decoded
without trial and error methods after the known part is decoded. The known part of the
signal comprises a subset of available subcarriers and their modulation. The
combination of the predefined subcarriers (subcarrier numbers) and their modulation is
chosen so that the combination is unique for each offset-FFT size pair (or unique for the
different FFT-sizes only) and which combination may be used for identifying the signal
as a desired signal for the digital video broadcast. Also, the channels containing digital
video broadcast services can be efficiently detected using the known part of the signal.
If the fixed known part is not found from the examined signal, then the signal will be
considered a non-digital-video-broadcast signal or an empty channel, and the receiver
can promptly proceed to a next channel/frequency. In this way, detecting non-digital-

video-broadcast and empty channels becomes relatively fast.

Figure 1 illustrates a suitable digital broadband broadcast system 102 in which one or
more illustrative embodiments may be implemented. Systems such as the one
illustrated here may utilize a digital broadband broadcast technology, for example
Digital Video Broadcast - Handheld (DVB-H) or next generation DVB-H networks.
Examples of other digital broadcast standards which digital broadband broadcast system
102 may utilize include Digital Video Broadcast — Terrestrial (DVB-T), Integrated
Services Digital Broadcasting — Terrestrial (ISDB-T), Advanced Television Systems
Committee (ATSC) Data Broadcast Standard, Digital Multimedia Broadcast-Terrestrial
(DMB-T), Terrestrial Digital Multimedia Broadcasting (T-DMB), Satellite Digital
Multimedia Broadcasting (S-DMB), Forward Link Only (FLO), Digital Audio
Broadcasting (DAB), and Digital Radio Mondiale (DRM). Other digital broadcasting
standards and techniques, now known or later developed, may also be used. Aspects of
the invention may also be applicable to other multicarrier digital broadcast systems such
as, for example, T-DAB, T/S-DMB, ISDB-T, and ATSC, proprietary systems such as
Qualcomm MediaFLO / ' FLO, and non-traditional systems such 3GPP MBMS



[44]

[45]

[46]

WO 2009/050552 PCT/1IB2008/002639

(Multimedia Broadcast/Multicast Services) and 3GPP2 BCMCS (Broadcast/Multicast

Service).

Digital content may be created and/or provided by digital content sources 104 and may
include video signals, audio signals, data, and so forth. Digital content sources 104 may
provide content to digital broadcast transmitter 103 in the form of digital packets, e.g.,
Internet Protocol (IP) packets. A group of related IP packets sharing a certain unique IP
address or other source identifier is sometimes described as an IP stream. Digital
broadcast transmitter 103 may receive, process, and forward for transmission multiple
digital content data streams from multiple digital content sources 104. In various
embodiments, the digital content data streams may be IP streams. The processed digital
content may then be passed to digital broadcast tower 105 (or other physical
transmission component) for wireless transmission. Ultimately, mobile terminals or
devices 112 may selectively receive and consume digital content originating from

digital content sources 104.

As shown in Figure 2, mobile device 112 may include processor 128 connected to user
interface 130, memory 134 and/or other storage, and display 136, which may be used
for displaying video content, service guide information, and the like to a mobile-device
user. Mobile device 112 may also include battery 150, speaker 152 and antennas 154.
User interface 130 may further include a keypad, touch screen, voice interface, one or

more arrow keys, joy-stick, data glove, mouse, roller ball, touch screen, or the like.

Computer executable instructions and data used by processor 128 and other components
within mobile device 112 may be stored in a computer readable memory 134. The
memory may be implemented with any combination of read only memory modules or
random access memory modules, optionally including both volatile and nonvolatile
memory. Software 140 may be stored within memory 134 and/or storage to provide
instructions to processor 128 for enabling mobile device 112 to perform various
functions. Alternatively, some or all of mobile device 112 computer executable

instructions may be embodied in hardware or firmware (not shown).
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Mobile device 112 may be configured to receive, decode and process digital broadband
broadcast transmissions that are based, for example, on the Digital Video Broadcast
(DVB) standard, such as DVB-H or DVB-T, through a specific DVB receiver 141. The
mobile device may also be provided with other types of receivers for digital broadband
broadcast transmissions. Additionally, receiver device 112 may also be configured to
receive, decode and process transmissions through FM/AM Radio receiver 142, WLAN
transceiver 143, and telecommunications transceiver 144. In one aspect of the

invention, mobile device 112 may receive radio data stream (RDS) messages.

In an example of the DVB standard, one DVB 10 Mbit/s transmission may have 200, 50
kbit/s audio program channels or 50, 200 kbit/s video (TV) program channels. The
mobile device 112 may be configured to receive, decode, and process transmission
based on the Digital Video Broadcast-Haﬂdheld (DVB-H) standard or other DVB
standards, such as DVB-MHP, DVB-Satellite (DVB-S), or DVB-Terrestrial (DVB-T).
Simifarly, other digital transmission formats may alternatively be used to deliver
content and information of availability of supplemental services, such as ATSC
(Advanced Television Systems Committee), NTSC (National Television System
Committee), ISDB-T (Integrated Services Digital Broadcasting - Terrestrial), DAB
(Digital Audio Broadcasting), DMB (Digital Multimedia Broadcasting), FLO (Forward
Link Only) or DIRECTV. Additionally, the digital transmission may be time sliced,
such as in DVB-H technology. Time-slicing may reduce the average power
consumption of a mobile terminal and may enable smooth and seamless handover.
Time-slicing entails sending data in bursts using a higher instantaneous bit rate as
compared to the bit rate required if the data were transmitted using a traditional
streaming mechanism. In this case, the mobile device 112 may have one or more buffer

memories for storing the decoded time sliced transmission before presentation.

In addition, an Electronic Service Guide (ESG) may be used to provide program or
service related information. Generally, an Electronic Service Guide (ESG) enables a
terminal to communicate what services are available to end users and how the services

may be accessed. The ESG includes independently existing pieces of ESG fragments.
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Traditionally, ESG fragments include XML and/or binary documents, but more recently
they have encompassed a vast array of items, such as for example, a SDP (Session
Description Protocol) description, textual file, or an image. The ESG fragments describe
one or several aspects of currently available (or future) service or broadcast program.
Such aspects may include for example: free text description, schedule, geographical
availability, price, purchase method, genre, and supplementary information such as
preview images or clips. Audio, video and other types of data including the ESG
fragments may be transmitted through a variety of types of networks according to many
different protocols. For example, data can be transmitted through a collection of
networks usually referred to as the “Internet” using protocols of the Internet protocol
suite, such as Internet Protocol (IP) and User Datagram Protocol (UDP). Data is often
transmitted through the Internet addressed to a single user. It can, however, be
addressed to a group of users, commonly known as multicasting. In the case in which

the data is addressed to all users it is called broadeasting.

One way of broadcasting data is to use an IP datacasting (IPDC) network. IPDC is a
combination of digital broadcast and Internet Protocol. Through such an IP-based
broadcasting network, one or more service providers can supply different types of IP
services including on-line newspapers, radio, and television. These IP services are
organized into one or more media streams in the form of audio, video and/or other types
of data. To determine when and where these streams occur, users refer to an electronic
service guide (ESG). One type of DVB is Digital Video Broadcasting-handheld (DVB-
H). The DVB-H is designed to deliver 10 Mbps of data to a battery-powered terminal

device.

DVB transport streams deliver compressed audio and video and data to a user via third
party delivery networks. Moving Picture Expert Group (MPEG) is a technology by
which encoded video, audio, and data within a single program is multiplexed, with other
programs, into a transport stream (TS). The TS is a packetized data stream, with fixed
length packets, including a header. The individual elements of a program, audio and

video, are each carried within packets having an unique packet identification (PID). To

10
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enable a receiver device to locate the different elements of a particular program within
the TS, Program Specific Information (PSI), which is embedded into the TS, is
supplied. In addition, additional Service Information (SI), a set of tables adhering to the
MPEG private section syntax, is incorporated into the TS. This enables a receiver

device to correctly process the data contained within the TS.

As stated above, the ESG fragments may be transported by IPDC over a network, such
as for example, DVB-H to destination devices. The DVB-H may include, for example,
separate audio, video and data streams. The destination device must then again
determine the ordering of the ESG fragments and assemble them into useful

information.

In a typical communication system, a cell may define a geographical area that may be
covered by a transmitter. The cell may be of any size and may have neighboring cells.
Figure 3 illustrates schematically an example of cells, each of which may be covered by
a different transmitter. In this example, Cell 1 represents a geographical area that is
covered by a transmitter for a communication network. Cell 2 is next to Cell 1 and
represents a second geographical area that may be covered by a different transmitter.
Cell 2 may, for example, be a different cell within the same network as Cell 1.
Alternatively, Cell 2 may be in a network different from that of Cell 1. Cells 1, 3, 4, and

5 are neighboring cells of Cell 2, in this example.

In accordance with one or more embodiments, data used in channel searches and service
discovery is signaled using symbols at least in the beginning of a data frame carrying
multimedia and other data for services. In other embodiments, one or more of these
symbols may also be inserted within the data frames. Further, one or more of these
symbols may be inserted at the beginning of, and/or within, a superframe composed of

two or more data frames.

In one embodiment, the symbols comprise a first symbol that can be used for

identifying that the signal is of the desired type. Further, the first symbol may be used

11
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for detecting an offset from the radio channel center frequency. The symbols may
comprise a second symbol that may carry data relating to the modulation parameters
that are used in subsequent data symbols. In another embodiment, the symbols

comprise a third symbol that may be used for channel estimation.

[56] Figure 4 shows a frame and superframe of symbols, synchronization symbols, S1-S3,
used for channel searches and service discovery, and data D in accordance with an

aspect of the invention.

[57] In various digital broadcast networks, a multicarrier signal may be positioned relative to
the channel raster so that the signal center frequency (SCF) coincides with the channel
center frequency (CCF), or it may be offset from the.channel center frequency. The
signal center frequency may be offset due to frequency spectrum use reasons (e.g.
interference from a neighboring channel). For the first symbol, not all available
subcarriers are used. In various embodiments, the subcarriers that are selected for the
first symbolﬂ may be evenly spaced and may be symmetrically positioned with regard to

the channel center frequency or the offset signal frequency.

[58] Figure 5 shows how a signal center frequency may coincide with, or be offset relative
to, a channel center frequency (CCF). In Figure 5, SCF A and its corresponding CSF
coincide, SCF B and SCF C are offset with regard to the corresponding CSFs. The
rectangles in Figure 5 illustrate the subcarriers selected for the first symbol from the
available subcarriers. For SCF A, SCF B, and SCF C, the selected subcarriers are
centered around the respective SCFs. The selected subcarriers for SCF D, however, are

centered around the CCF, as opposed to the SCF,

[59] For the first symbol used for channel searches and service discovery, the subcarriers
may be selected so that they may be found irrespective of the offset. In the first symbol,
a fixed Fast Fourier Transform (FFT) may be used. The fixed FFT may be selected
from the available FFT sizes that in present digital video broadcast systems include 2K,

4K, 8K, but may also include 1K at the lower end and 16K at the higher end. In one

12
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embodiment, the lowest available FFT is used. Further, the first symbol may use a
fixed guard interval (GI) that may be selected from the GIs used for the symbols

carrying data. The first symbol may, in one embodiment, have no guard interval.

The number of subcarriers for the first symbol may be less than half of the available

subcarriers.

When the first symbol is used for channel offset signaling, the carriers may be
modulated using Binary Phase Shift Keying (BPSK) or Quadrature Phase Shift Keying
(QPSK). The selected pilot pattern may be different for different channel offset values,
and the pilot pattern and subcarrier modulation may be selected, in one embodiment, so
that the different pilet patterns are orthogonal to each other and differ from each other
maximally thus allowing robustness in detection. In one embodiment the different pilot
patterns may signal the FFT-size only and the frequency offset is found by detecting the

shift from the nominal center frequency.

For the second (and third, if present) symbol the full signal bandwidth (substantially alk
available carriers) may be used. In an embodiment, the second (and third) symbol may
use the same FFT size and guard interval as the first symbol. In some embodiments, not
all of the available subcarriers are used for the second (and third) symbols. In one
embodiment, the second and third symbol may have the same subcarriers as pilot
subcarriers and, in a further embodiment, have additional subcarriers used as pilots. In
one embodiment, the second symbol also carries signaling data and, further, may carry

forward error correction data (FEC) for the signaling data.

In accordance with embodiments, a part of a signal (e.g. initialization/synchronization
symbol(s)) is introduced that has known characteristics and remains the same with
different digital video broadcast operation modes. The known part of signal contains
parameters for the rest of the signal; therefore, the rest of the signal can be decoded
without trial and error methods after the known part is decoded. Also, the channels

containing digital video broadcast services can be efficiently detected using the known

13
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part of the signal. If the fixed known part is not found from the examined signal, then
the signal will be considered a non-digital-video-broadcast signal or an empty channel,

and the receiver can promptly proceed to a next channel/frequency.

Figure 6 is a flow chart showing steps performed by a receiver in accordance with at
least one embodiment. A frequency synthesizer in the receiver is programmed to the
nominal center frequency of the channel, according to the channel raster, as shown at
602 for receiving a signal on the channel. An attempt is made to determine whether the
received signal is of a desired type and whether an offset is in use by comparing the
received signal to a stored set of known signals, as shown at 604. If a match is found,
the signal is determined to be of the desired type and the offset and FFT size for the
signal can be determined. A determination is made with respect to whether a match was
detected, as shown at 606. If a match is not detected, then the "no" branch from 606 is
followed, the channel is considered to contain a non—digital-video-broad‘cast signal or
the received signal is not of the desired type, and proeessing proceeds to the next

channel, as shown at 608.

Otherwise, if a match is detected, then the "yes" branch from 606 is followed, the
determined frequency offset is used for reprogramming the frequency synthesizer, as
shown at 610. The next synchronization symbol is demodulated to detect modulation
parameters for data symbols, as shown at 612. Finally, channel estimation and

correction and data demodulation are then performed, as shown at 614.

In case the reprogramming of the frequency synthesizer takes a relatively long time, the
receiver may wait for the next set of initialization/synchronization symbols and

demodulate the modulation parameters from that set.

Figure 7 shows an example of the size of a pilot signal bandwidth relative to a signal
bandwidth and a channel raster bandwidth in accordance with an aspect of the
invention. In an embodiment, the first symbol is a pilot symbol for coarse frequency

and timing synchronization. The bandwidth of the pilot symbol is smaller than the

14
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actual data symbol, e.g.. in $MHz data symbol case, the pilot symbol could be 7MHz
wide. The pilot symbol center frequency may be the same as the frequency for the data
symbols, i.e., in case an offset is used for data symbols, the offset may also be used for
the pilot symbol. With the pilot symbol's smaller bandwidth, the receiver's RF part can
be programmed to the nominal channel center frequency during the initjal
synchronization phase and still be set to receive the pilot symbol's whole bandwidth.
Without the pilot symbol's smaller bandwidth, the receiver's RF channel selection filter

would filter out part of the pilot symbol.

In an embodiment, the pilot symbol may use known (fixed) FFT and Guard Interval
selection. Also the number of used pilots may be different than for data symbols, i.e.,
part of the pilots can be extinguished, e.g., 256 pilots could be used. The pilots may be

modulated with a known sequence.

Figure 8 illustrates sparse pilot spacing of a pilot sequence for a pilot symbel in
accordance with an aspect of the invention. The modulation sequence “finger print” for
the pilot pattern may be known by the receiver. In addition to modulation, the
subcarriers in the pilot symbols may also have different boosting levels, as illustrated in

Figure 8.

Figure 9 is a flowchart showing steps performed by a receiver for performing
correlation in the frequency domain to detect the coarse offset being used. A radio
frequency part of the receiver (frequency synthesizer) is programmed to the nominal

center frequency (according to the channel raster) of the channel, as shown at 902.

An FFT is calculated using a predetermined FFT size as shown at 904. The width of the
pilot symbol is smaller than the channel bandwidth. Therefore, the FFT is able to
capture the pilot symbol even when an initial setting for frequency synthesizer is wrong

because of the offset.

The frequency offset is detected based on the offset of the pilot synchronization symbol

in the frequency domain, as shown at 906, If non-correlation in the frequency domain
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is found, then the signal is not a digital video broadcast signal and channel search can

proceed to the next channel.

The offset is compensated for by reprogramming the receiver’s frequency synthesizer,
as shown at 908. The next synchronization symbol is demodulated to detect modulation
parameters for data symbols, as shown at 910. Channel estimation and correction based
on the channel estimation symbol is performed, as shown at 912, and then data is
demodulated as shown at 914. In an embodiment the receiver may wait for a
synchronization symbol in the next set of synchronization symbols thus allowing the

frequency synthesizer to be reprogrammed to the signal center frequency.

Different pilot sequences (finger prints) may be used based on the offset in use. For
example, if 7 offsets are possible (3/6MHz, £2/6MHz, £1/6MHz, 0), 7 different pilot
sequences may be introduced. Several methods can be utilized to construct the pilot
sequence including, but not limited to: pseudo random sequence, inverting every
second, boosting the center carrier, and the like. In accordance with an embodiment,
the receiver performs a correlation in the time domain to detect the used pilot sequence,
and, therefore, the offset used. The finger prints may be used in accordance with one or
more embodiments directed to performing a time domain correlation. But, frequency
domain embodiments, the offset can be detected by a sliding correlator in the frequency
domain, that is, a single finger print may be used. Additionally, one could code
information like FFT size for frequency domain embodiments if different finger prints
are used for different FFT sizes, for example. Then, a frequency domain correlation
could be run with several finger prints. In an embodiment, if there are several finger
prints in use, the received fingerprint may be compared simultaneously to several stored
finger prints. A received pilot sequence may be translated in frequency domain
stepwise over the channel bandwidth, wherein a high correlation signal is produced

when the pilot sequences coincide.

Figure 10 is a flow chart that shows steps in accordance with an embodiment for

performing a service discovery correlation in the time domain. A radio frequency part
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of the receiver (frequency synthesizer) is programmed to the nominal center frequency

(according to the channel raster) of the channel, as shown at 1002.

In one embodiment a correlation of the received pilot sequence is performed in the time
domain with known pilot sequences to detect the offset used, as shown at 1004. For
examples, if seven offsets are in use, seven different pilot sequences (finger prints) are
defined. Each coarse offset corresponds to a particular pilot sequence finger print.
Based on the correlation, the finger print used, i.e., the offset used, can be detected. The
pilot sequence will be in the nominal center frequency of the channel (according to the
channel raster). In one embodiment a set of pilot symbols are defined so that each of
them corresponds to a frequency offset-FFT size pair, wherein based on the detected

correlation both the offset and FFT size can be detected.

The frequency offset is detected based on the identified pilot sequence finger print, as
shown at 1006. If none of the pilot sequences show correlation, then the signal is not a

desired digital video broadcast signal, and search can proceed to the next channel.

The offset is compensated for by reprogramming the receiver’s frequency synthesizer,
as shown at 1008. The next synchronization symbol is demodulated to ‘detect
modulation parameters for data symbols, as shown at 1010. Channel estimation and
correction based on the channel estimation symbol is performed, as shown at 1012, and
then data is demodulated as shown at 1014. In one embodiment the receiver may wait
for a next set of synchronization symbols for allowing the frequency synthesizer to be

reprogrammed.

After the offset has been found and the frequency synthesizer is reprogrammed, the
second symbol (i.é., the symbol following the pilot symbol) may use fixed FFT and
Guard Interval selection, but would use the full signal bandwidth. The second symbol
may then contain specific information about the modulation parameters for the
subsequent data symbols. In another embodiment the second symbol may use the FFT

that is signaled in the first symbol.
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An optional third symbol could be inserted before the data symbols to facilitate channel

estimation.

Figure 11 shows an example of a pilot / signaling symbol sequence in accordance with
an aspect of the invention. The pilot symbol 1102 and the Signaling Symbols 1104 and
1106 may be repeated in the transmission frequently enough, e.g., every 50ms, to enable
signal detection and synchronization as fast as is desired. The first pilot symbol 1102 is
used for coarse frequency and time synchronization, and, in addition, it may also carry
information on the FFT size for the following symbols. The FFT, guard interval, and
the modulation are fixed for the first symbol. In one embodiment the second symbol
1104 comprises the same pilot subcarrier as the first symbol but may have, in addition,
more subcarriers that are used as pilot subearriers. The second signaling symbol also
carries signaling data comprising FFT size, guard interval, and modulation parameters.
The third signaling symbol comprises still more pilots that are used for channel

estimation and fine timing.

The modulation parameter for data symbols (like constellation, QPSK vs. 16QAM vs.
64QAM) may be varied frequently because the repeated signaling symbols carry

information about the selected parameters.

Figure 12 is a flowchart showing steps of a method performed by a transmitter in
accordance with at least one aspect of the invention. A symbol sequence is composed .
that includes a pilot symbol configured to convey coarse frequency and timing
synchronization information as the first symbol followed by a next signaling symbol
configured to convey modulation parameters as the second symbol, which is followed
by a plurality of data symbols, as shown at 1202. In one embodiment the second
signaling symbol may be followed by a third signaling symbol. The symbol sequence is
then transmitted on a broadcast channel with a pilot-signal bandwidth that may be
narrower than a data-signal bandwidth, which further may be narrower than a channel

raster bandwidth of the broadcast channel, as shown at 2004.
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In accordance with one or more embodiments, channel search times are typically
relatively low, e.g., a couple of seconds. If the pilot-symbol repetition rate is 50ms, the
average time for 3 bandwidths (6, 7 and 8 MHz) is around 35*3%50ms = 5.25s. The
different bandwidths are searched separately because the channel raster center

frequencies are different.

In yet another embodiment of the invention, two pilot symbols, P1 and P2, respectively
are defined to enable fast channel search and service discovery within the frame.
Furthermore, for the carriage of OSI layer 1, physical layer (L1) and frame specific
information within the P2 symbol, a P2-1 packet structure is defined. In addition to the
L1 and frame specific information, the P2-1 packet may also carry OSI layer 2, data
link layer (L2) signaling information (e.g. Program Specific Information/Service

information (PSI/SI)) or data of the actual services.

In an aspect of the invention, pilot symbol P1 may enable a fast initial scan for signals.
Pilot symbol P1 may also be used to signal FFT-size and frequency offset to a receiver
in the initial signal scan. In addition, pilot symbol P1 may be used to assist in coarse

frequency and coarse time synchronization of the receiver.

In yet another aspect of the invention, pilot symbol P2 may be used for coarse and fine
frequency synchronization and time synchronization in addition to initial
synchronization achieved with pilot symbol P1. Moreover, pilot symbol P2 may also
carry physical layer (L1) signaling information which may describe the physical
parameters of the transmission and the construction of the TFS-frame. Furthermore,
pilot symbol P2 may provide an initial channel estimate, which may be needed to
decode information in the P2 symbol and together with scattered pilots, the information
in the first data symbols in the frame. Finally, pilot symbol P2 may provide a channel

for carrying Layer 2 (1.2) signaling information.

In an embodiment of the invention, two P2 packets structures may be implemented for

carrying signal information. The first of such packets P2-1 may carry main signaling
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information needed in time frequency slicing (TFS). The P2-1 packet structure may

also carry L2 signaling information and/or data. In another embodiment of the

invention, a second packet structure P2-n may be used to provide sufficient space to

encapsulate all needed L2 signaling information. The P2-n packets may be carried in

data symbols as content data. The P2-n packets may follow immediately the P2-1

packet.

[891 Figure 13 illustrates the structure of such P2-1 packet structure 1301. The definition of

the fields, the lengths being exemplary for various embodiments, in P2-1 are as follows:

T (Type)

This 8 bit field 1302 may indicate the type of the related P2
symbol. This field may provide flexibility for the network to
transmit different P2 symbols. Based on the type value, certain
rules and semantics apply to the P2 symbeol structure and usage.
Examples of the latter are e.g. the affect of the different output
stream types supported by the system (i.e. different
combinations of TS and Generic Stream Encapsulation (GSE)).
Some examples of the type value may be seen in Table 1

illustrated below.

Type Deseription
value

0x0 Reserved

Only TS carried within the frame and L2 signaling

0x1 carried in the end of P2-1 packet.

0x2 Only TS carried within the frame and data carried in
the end of P2-1 packet.

0x3 Only GSE carried within the frame and L2 signaling

carried in the end of P2-1 packet.
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Only GSE carried within the frame and data carried

Ox4 in the end of P2-1 packet.

0x5 TS and GSE carried within the frame

DVB-T2 and DVB-H2 content carried within the

0x6 same frame.

0x7 Etc.

Table 1 - The type values of the P2-1 packet.
One skilled in the art will realize, that the notations DVB-T2 or T2 and DVB-H2

or H2 shown in Table 1 may be used for content intended for terrestrial (fixed)
reception, respectively for mobile handheld reception using various embodiments

of the invention.

L (Length) This field 1304 may indicate the length of the P2-1 packet,
counting all bits following immediately after this field. The
length may be expressed as number of bits or bytes depending

on the definition.

E (End) This field 1306 comprises a one bit flag which indicates whether
there are other P2-n packets following this. When set to value
‘1°, there does not exist any P2-n packets after this packet. If
this field is set to value ‘0°, there are one or more P2-n packets

following after this field.

N (Notification) This 4 bit field 1308 may indicate whether there are notifications
carried within the current sub-signal. The detailed signaling of

notifications may be done within L2 signaling structures.
res This 4 bit field 1310 may be reserved for the future use.

Cell ID This 8 bit field 1312 may indicate the cell id of the signal
carrying the current frame. The mapping between cell id and

other network parameters is done within the L2 signaling. Note
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that in order to reduce overhead, this field may be smaller than

that of used within legacy DVB systems.

This 8 bit field 1314 may indicate the netv;forlc_id that the signal
carrying the current frame belongs into. The mapping between
network id and other network parameters is done within the L2
signaling. Note that in order to reduce overhead, this field may

be smaller than that of used within legacy DVB systems.

This field 1316 may indicate the frequency index of the current
sub-signal. Frequency index can be mapped with the actual
frequency e.g. in L2 signaling information (e.g.. in PSI/SI).
Table 2 lists an example of the latter mapping. In this example,
four frequencies are used, but the number may be smaller or

greater in other embodiments.

 Frequency | Frequency
index

0x0 498 MHz

0xI | 506 Milz

0x2 | 514 Mliz

0x3 522 MHz

This field 1317 may indicate the Guard Interval.

This 8 bit field 1318 may indicate the number of the current

frame in a superframe.

This 8 bit field 1320 may indicate the starting point for the (slot)
signaling provided within this P2 symbol. The offset from the

beginning of the frame within the current sub-signal is indicated
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as amount of OFDM cells. The total length of slots covered by
the signaling window is equal to the length of slots within the
current frame and sub-signal. For example, Figure 14 illustrates
the concept of signaling window offset. In Figure 14, a
signaling window 1402 may have a length of approximately one
frame, but may not be starting from the first slot of the frame.
The offset 1404 may define the starting point of the carried
signaling within the TFS-frame. If the offset is zero, the
window may be pointing directly to the current frame, and all
services in the frame are signalled. If the offset is one frame, the
window may be pointing to the next frame. If the offset is
smaller than one frame, the signaling may start from a service
pointed by the signaling offset and approximately a number of
the services corresponding to one frame in length may be

signalled.

This field 1322 may identify the slot which carries the P1 and P2
signaling data. Note that same slot ID may also carry other data,

such as L2 signaling or data containing actual services.

This 8 bit field 1324 may indicate the number of slots included

within the signaling window of the current sub-signal.

This field 1326 which may be part of a slot loop field 1325 may
identify a slot within the signaling window of the current sub-
signal. A slot identified with this identifier may carry data

containing actual services or L2 signaling data.

This field 1328 which may be part of slot loop field 1325 may

indicate the type of modulation of the associated slot.
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Code rate This field 1330 which may be part of slot loop field 1325 may

indicate the code rate of the associated slot.

Slot length . This field 1332 which may be part of slot loop field 1325 may
indicate the length of the associated slot. The length may be
expressed as number of bits or bytes depending on the

definition.

OFDM padding bits This 8 bit field 1334 may indicate the number of padding bits
within the last OFDM cell of the frame.

Offset to next T2 sub This 4 bit field 1336 may indicate the offset between the current
and the next sub-signal of the frame. For example, Figure 15

illustrates the offset 1502 to the next sub-signal field.

L2 signaling or data This field 1338 may be reserved for carrying L2 signaling or
data. The type field of P2-1 may indicate the information

carried within the field.

[90] In an embodiment of the invention, a single P2-1 packet may not be large enough to
carry all L2 signaling information. Hence, additional P2-n packets may be needed for
carrying and encapsulating 1.2 signaling. Figure 16 illustrates the structure of a P2-n
packet 1602 which may be used to carry L2 signaling information, such as PSI/SI. The
definition of the fields in P2-n, wherein the field lengths are exemplary for various

embodiments, are as follows:

T (Type) This 8 bit-field 1604 may indicate the type of the signaling
carried within the payload of this packet. Based on the type
value, a receiver may be able to decode correctly the carried
signaling data. Examples of the signaling type may include e.g.
PSI/SI only, PSI/SI and signaling intended for mobile handheld

services according to embodiments of the invention.
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L (Length) This field 1606 may indicate the length of the P2-n packets,

counting all bits following immediately after this field. The
length may be expressed as number of bits or bytes depending

on the definition.

E (End) This field 1608 may include a one bit flag which indicates

whether the current is the last P2-n packet or whether there are

other P2-n packets following this packet.

L2 Signaling This field 1610 may be reserved for carrying L2 signalling. The

[91]

[92]

[93]

[94]

type field 1604 may indicate the information carried within the
field.

Depending on the amount of L2 signaling data, plurality of P2-n packets may be used.

Figure 17 depicts a flow diagram illustrating service discovery in accordance with an
aspect of the invention. In Figure 17, L2 signaling information is carried within both
packets, i.e. P2-1 and P2-n. Other variations of P2-n may include any combination of

data and L2 signaling information carried within either or both packet types.

In Figure 17, a receiver may seek signals from a frequency band carrying signals
according to various embodiments of the invention, as shown at 1. An appropriate

frequency may be detected by the preamble pattern provided by P1.

Based on the information carried within P1, a receiver may be able to decode P2-1 1702
and P2-n packets 1704 carried within the following symbols as shown at 2. In an aspect
of the invention, four fields may be included within the P2 packet header. The ‘T” field
1706 may indicate the type of the current signal. The ‘L’ field 1708 may indicate the
length of the P2. In case the ‘E’ field 1710 is set to ‘1°, the current P2-1 packet is ‘the
last,” i.e. there are no consequent P2-n packets to follow. Finally the ‘N’ field 1712

may indicate whether the current signal carries notification information.
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From the P2 packets (i.e. P2-1 and P2-n), the receiver may be able to access the L2
signaling data 1714, which may be carried within the payload of P2-1 and P2-n packets,

as shown at 3.

Next, the L2 signaling data 1714, i.e. the specific PSI/SI for this type of transmission in
case of carrying only this type of transmission, may map the found signal with network
and cell information 1716, as shown at 4. The information of neighbouring cells
(including geographical location 1718 of each cell) may be provided by means of
Network Information Table (NIT) 1720.

Also, the Time Frequency Slicing (TFS) specific information may be partially carried
within PSI/SI. A NIT may map each frequency part of the same TFS frame as shown at
5. The NIT may map each frequency part of the same TFS frame. Finally, NIT maps
transport streams to different frequencies and furthermore to different TFS frames, as

shown in 6.

In a further aspect of the invention, by following the semantics of legacy PSI/SI,
transport streams may be mapped to the services within Service Description Table
(SDT) 1722 shown at 7. Services may be further mapped as shown at 8 to the PIDs of
each transport stream by use of PAT and PMT, similarly as in legacy DVB systems.

The mapping of each service with slot_id 1724 and frame number 1726 combinations
may be done within the service loop of SDT by adding additional descriptor as shown

in 9.

Finally, as shown at 10, the receiver may continue the service discovery procedure
within the P2-1 packet, by inspecting which slots may need to accessed in order to
receive desired services announced within the SDT. The tables NIT, SDT, PAT, and
PMT are used as examples corresponding to present (legacy) DVB tables.

In a further aspect of the invention, the L1 information signaled within the P2-1 packet
may relate to the specific signaling window. The starting position of the signaling

window may be indicated with the ‘signaling window offset-field.” The total number of
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slots located within the given signaling window may be indicated in the ‘number of
slots field.” A specific slot ID may be signaled for the purposes of P1 and P2-1 packets.
The P2-n packets may be carried within the ‘regular slots’ and hence may also contain
the actual content data. The slot loop indicates the modulation, code rate and length for
each slot announced within the loop. In addition, OFDM padding bits-field may be
used to indicate the possible padding in the end of frame. Finally, the ‘offset to next T2
sub’ field may indicate the offset between the current and next sub-signal of the

associated frame.

Figures 18 and Figure 19 depict the relation between P1, P2 and DATA symbols (i.e.
OFDM symbols) by example. From Figures 18 and 19, it may be seen how data has
been split for the duration of P2 and data symbols. The data packets may be placed
immediately after the last P2-n packet and both are carried within the ‘DATA symbols.’

Figure 20 shows an exemplary frame and slot structure in accordance with at least one
aspect of the invention. In Figure 20, a frame 2002 may consist of one or more slots
2004. For example, frame 2002 includes slot 1 2006 through slot 4 2012. Each slot
2006 - 2012 may include several OFDM (orthogonal frequency division multiplexing)
symbols, typically from a few symbols up to some tens of symbols. The services are
allocated to these slots so that one or more slots are used for a service. For example,
slot 1 2006 may includes a number of OFDM symbols 2014 through 2024.
Furthermore, each OFDM symbol may include numerous OFDM cells. For instance,
OFDM symbol 2014 includes OFDM cells 2026 through 2034.

Embodiments are related to initial service discovery in a Digital Video Broadcasting-
Terrestrial next generation (DVB-T2) system. The DVB-T2 system may include a
preamble, which is intended for efficient identification of available T2 signals. The
preamble should not consume too much capacity, but it should be compatible with
different Fast Fourier Transform (FFT) sizes (2k, 4k, 8k, 16k, and 32k). Minimizing
the overhead has lead to using a 2k symbol (P1) for each FFT-size and signalling the
actual FFT-size within this symbol by modulating the carriers by different pseudo
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random binary sequences (PRBS). To find out the FFT-size of the following symbols,
the receiver detects the modulating PRBS. This PRBS also indicates the integer
frequency shift (DVB-T2 signal can be shifted by +/-1/6, +/-2/6, +/-3/6MHz compared
to the nominal center frequency). To summarise, the P1 symbols are used in the initial
scan to: (1) detect the presence of T2 signal; (2) estimate the frequency offset; and (3)
detect the used FFT size.

After the initial scan, the P1 symbol may not be used during normal data reception or
handover because the parameters carried by P1 (i.e., FFT size and frequency offset)
remain constant. With respect to handovers, these parameters are the same between
radio frequency (RF) channels or they are signalled before a handover (e.g., in Program
Specific Information/Service Information (PSI/SI) aceording to ETSI EN 300 468
Digital Video Broadcasting (DVB); Specification for Service Information (SI) in DVB
systems). P1 can, however, be used during normal data reception to, for example,
detect the frame start or to improve synchronization and channel estimation algorithms.
P2 symbol(s) is/are a signalling and channel estimation symbol(s) which is/are located

after the P1.

The detection of P1, and, thus, the detection of the DVB-T2 signal, is based on a guard
interval correlation (GIC). In GIC, the guard interval is correlated with the end of the
symbol. A peak in the GIC indicates a potential DVB-T2 signal, which may be verified
from the P2 symbol. The first problem is that the guard interval should be long in order

‘to provide robust detection (i.e., a long guard interval provides higher signal to noise

ratio). A longer guard interval, and thus a longer P1, however, decreases data capacity.

Since P1 is the first symbol to be received, there is typically no prior knowledge of the
channel conditions. Therefore, the P1 symbol should include some means to overcome
the channel distortions. In practice, this would mean using, e.g., extra pilot carriers for

channel estimation or differential modulation between the subcarriers.
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Because of the lower FFT-size, the carrier spacing of the P1 symbol may not be as
dense as in the following data symbols (e.g., 2k for P1 and 32k for data). For a
successful PRBS detection in P1, the coherence bandwidth of the channel should be
smaller than the subcarrier spacing of a 2k symbol. However, the network might be
designed for the 32k mode, and the long Single Frequency Network (SFN) delays might

produce much higher frequency selectivity.

The complex valued received signal at carrier index k may be expressed as

e =hySy +1y , where sy is the transmitted data symbel (e.g. using Quadrature Phase
Shift Keying (QPSK)), hy is the channel response at the carrier index k, and n is the

noise term.

In coherent demodulation, hy is first estimated using pilots, and then the effect of the

channel is equalized by, for example, dividing 1 by estimated hy.

If we consider DVB-T2 and P1 symbol, there are no pilots to estimate hy. Therefore,
non-coherent demodulation will typically be used, without channel estimation. This
may be done by using differential modulation (e.g. Differential Binary Phase Shift
Keying (DBPSK)) where the information is coded to the phase difference between two

adjacent carriers. These two adjacent carriers may be expressed as L =hiSi Ty gpd

Tt = DSk 0t The transmitted symbol may be decoded from the phase
difference between these two received carriers: Tt 5 = By —BiSy + 1

Figure 21 illustrates coherence bandwidth and differential modulation within one pilot
(P1) OFDM symbol. It is assumed that the phase of the channel responses hy and hy.
are approximately the same as shown in the upper graph of Figure 21. However, in a
highly frequency selective channel (e.g., the lower graph of Figure 21), the correlation
between adjacent channel responses is relatively low. This makes it impracticable to

use differential modulation between carriers.
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The coherence bandwidth (i.e., the bandwidth where the channel response is highly
1

N —
~

Tq

Wcoh
correlated) can be approximated by

, where 14 is the delay spread of the
channel. The coherence bandwidth of the channel should be lower than the carrier
spacing in order to use ‘DBPSK between carriers. The FFT size of P1 is 2k, and the
carrier spacing in 8MHz channel is 4.46kHz. From these carriers every 3™ or 9™ carrier
is used. Therefore, the actual carrier spacing can be even 40.1 kHz. On the other hand,
the delay spread in large SFN network can be 448 ps (16k mode with 4 guard interval)

resulting in a coherence bandwidth of 2.2kHz.

In accordance with an aspect of the invention, two P1 symbols are used, e.g., 1k symbol
with GI=1/1. Both symbols are separately used in GIC. When GI=1/1, the whole

symbol duration may be utilized in GIC.

In accordance with an aspect of the invention, differential modulation is applied
between two P1 symbols as shown in Figure 22. Because the differential modulation is
now performed subcarrierwise, there are no requirements for the coherence bandwidth.
(Alternatively, the first P1 symbol could be used for channel estimation, which would

allow coherent demodulation for the second P1 symbol.)

The time interval of two P1 symbols is relatively short such that the channel does not
change from the first symbol to the second symbol. Therefore, in accordance with one
or more embodiments, the differential modulation can be done in the time domain

between carriers having the same carrier number.

Embodiments also support mobile reception. In accordance with embodiments, the
coherence time of the channel is longer than the duration of two P1 symbols. This
makes the correlation between (1) and r(2) high. The coherence time of the channel

1

Toon o

can be approximated by d , where Fq is the Doppler spread of the channel and it
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F,=—F
is given by e , where v is the speed of the receiver, c is the speed of the light

(3*1078m/s), and F, is the carrier frequency. If v=120km/h and F=666MHz, then
F;=74Hz and t.;=13.5ms, which is significantly longer than the duration of a Pl

symbol (e.g., 280us).

In accordance with one or more embodiments, symbol synchronization of P1 may be
improved. The P1 symbols may have a 1/1 guard interval, which would improve
symbol synchronization and maximize guard interval correlation length with respect to
overhead. The P1 symbols may use a 1k FFT, which would decrease overhead

compared to two 2k symbols.

Guard interval correlation (GIC) is a basic method for synchronization in Orthogonal
Frequency Division Multiplexing (OFDM) symbols. Since the GI is a cyclie copy of
the last part of the actual OFDM symbol, the receiver is able to find the beginning of an
OFDM symbol by detecting this correlation. In practice, the receiver continuously
correlates two blocks of the received signal, which are separated by N samples (VN is the
FFT size and also the number data samples). A correlation peak is detected at the

correct position.

Figure 23 shows two 1k symbols with 1/1 guard interval and differential modulation
between the symbols. As can be seen, the 1/1 guard interval means that the GI and the
data part have the same length, and the samples are also equal. Equivalently, the 1/1

symbol could be said to have two equal symbols without guard interval.

Because of differential modulation, the consecutive symbols, P1 and P1°, are different,
which means that a normal GIC should be applied within each P1 symbol. The
correlation length, however, is doubled compared to a 2k 1/4 GI symbol
(1/4*2048=512), and the correlations from the two symbols can be combined for further
improvements. The 1k 1/1 GI symbol is also desirable since the guard interval

correlation does not now match to the data modes (2k, 4k, etc.).
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[122]  Another embodiment speeds up the initial scan. It is desirable to quickly detect non-T2
signals so that the receiver can tune to the next frequency. This can be done by
detecting the zero carriers in the P1 symbol by: (1) calculating three sums (see Figure
24, which shows calculation of sums of received energy from P1 in accordance with
one or more embodiments) of received energy for carriers that belong to the subsets r3k,
I3-1, and ra1, where 1 is the kth carrier of P1 symbol(s) and k =1, 2, 3... ; and (2)
detecting the existence of T2-signal by comparing the received energy on the three
subsets; and (3) setting an energy threshold (e.g. 5 dB below the strongest); and (4) if

only one sum exceeds the threshold, a possible T2 signal is detected.

[123]  Figure 25 shows a transmitter in accordance with one or more embodiments. The first
P1 is BPSK modulated according to a reference sequence, and the second P1 is
modulated as follows: if PRBSx= 0 — bxa= by; if PRBSg =1 — b= —by 1 (or vice
versa), where PRBSy is the kth element of the PRBS, and bim is the transmitted symbol
on kth carrier at mth P1 symbol. Next, the transmitter combines the original reference
sequence and the delayed differentially medulated sequence before the Inverse Fast

Fourier Transform (IFFT) and guard interval insertion. N refers to the FFT size.

[124] Figure 26 shows a receiver in accordance with one or more embodiments. The receiver
performs the inverse of the transmitter operations discussed above in connection with
Figure 25. That is, the receiver removes the guard interval from the P1 symbols (first
and second pilot symbol), performs a fast fourier transform on the P1 symbols, and
thereafter differentially demodulates P1 symbols to obtain an estimate of the transmitted
pseudo random binary sequence. The receiver does not have to know the reference

sequence.

[125] Figure 27 is a flow diagram that shows steps that may be performed by a receiver in
accordance with one or more embodiments. In the initial scan, the receiver may be
tuned to the nominal centre frequency of the channel, and it may start to look for the P1

symbol. The following procedure may then be repeated at selected channels (and
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bandwidths) — but not necessarily with every frequency offset since the P1 symbol may

be detected at the nominal centre frequency regardless of the used offset.

The first task after bandwidth and nominal centre frequency selection is to find the
existence of a T2-signal. The P1 symbol can be found, e.g., by guard interval
correlation, which is immune to frequency offset. Using guard interval correlation
helps also in T2-signal detection since the lack of a 2k symbol implicates a non-T2

channel.

Guard interval correlation is intended for situations where the delay spread of the
channel stays within the guard interval, which may not be the case with P1 symbol in
large scale SFNs (e.g. with 32k mode). In‘this case, delays longer than the guard
interval—especially delays that are multiples of the useful symbol duration—produce

false correlation.

It should be noted, however, that the symbol timing in presence of strong SFN echoes is
not only a Pl-specific problem because the receiver anyway needs to be able to
synchronize to the correct path. The difference is that P1 correlation has higher noise

level because of the shorter GIC window.

Coarse time and fractional frequency synchronization are obtained from the guard
interval correlation. These are coarse estimates that are used for the P1 symbol itself,
and they may be refined using the following symbols. It is assumed that these estimates

are accurate enough to detect one of the five PRBS patterns to find the FFT-size.

For a fast initial scan, the channels that do not contain a T2-signal should be discarded
relatively quickly. The preamble structure in accordance with embodiments supports a
stepwise detection where the non-T2 channels can be discarded relatively quickly, and

the detection of a T2-signal may be confirmed by reading the L1 static signalling.

First elimination may be done by the guard interval correlation. P1 signal may be

repeated every frame (around 200 ms) and it is rather robust in terms of SNR
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requirements so testing two consecutive P1 positions may be reliable enough to detect
the T2 signal. This would take around 500 ms per RF-channel. A receiver may then
decide whether a possible P1 symbol has been found. If this is done over the 39 UHF-
channels and even with 3 channel bandwidths, the total time used for the scan is
approximately 58 seconds. Note that trying to scan different bandwidths at the same

time does not really help as the channel rasters are different.

Once a possible P1 symbol has been found, the receiver may perform coarse
synchronization and FFT. Next, the receiver may use the sparse carrier raster to
differentiate between T2- and other 2k signals. Thus, the non-T2 signals can most

likely be detected from the first received P1 symbol.

Detection of the frequency offset is based on finding the shifted pilot pattern. The
detection of frequency offset and FFT-size may be separated by first using the power at
the assumed pilot carriers to find the correct offset, and, after that, calculating the
correlation to the five PRBSs. On the other hand, the PRBSs could be used already
when finding the frequency offset. The sparse carrier raster decreases the complexity of

the search algorithms.

After the frequency offset has been detected, the receiver can be tuned to receive the
data symbols. Another task is to find out the used guard interval to decode the P2
symbol. As the P1 symbol does not carry any signalling information of the GI, the
receiver may detect this by using the normal OFDM symbols during the frame. The P2
symbol immediately after the detected P1 can not be decoded. But there is enough time
to detect the GI before the next frame as the whole 200 ms frame duration can be used.
This adds another 200 ms to the signal acquisition time, but this happens most likely
only with the FOUND T2-signals, not with every tested channel. As the maximum
number of parallel multiplexes typically is in the order of 7 to 8, the total time added to

the scan sequence is less than 2s.
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In case the frame duration is configurable, the frame synchronization can be obtained by
recognising the next P1 symbol. The detected parameters from the L1 static signalling

in the P2 symbols are then confirmed.

In one embodiment, the first P1 is used for a channel estimate, which is then used to
equalize the second P1. This re-uses an underlying idea of various embodiments

although the implementation is different. N refers to the FFT size.

In accordance with DVB-T2 standards, P1 and P2 symbols are presented as a solution
for initial scan and transmission of signalling. In accordance with embodiments,
differential modulation between two P1 symbols may have advantages in highly

frequency selective channels.

As discussed above, the P1 symbols are used in the initial scan to: (1) detect the
presence of T2 signal; (2) estimate the frequency offset; and (3) detect the used FFT
size. A possible method estimating the frequency offset (and to some extent detecting
the presence of T2 signal) is to use a frequency domain ‘comb’, i.e., use a subset of the
available subcarriers in the OFDM symbol. Assume that there are a total of L
subcarriers available (= FFT-size with guard bands deducted). Further, assume that
every third subcarrier is available for this pilot/synchronization usage, so there will be

L=[1/3)+1 active subcarriers for the synchronization signal. Mathematically, the

comb may be represented with a sequence PO, PK, PUL-1) o s, Here, the bit © (&)
tells, whether subcarrier number fowest+3*% contains a Binary Phase Shift Keying
(BPSK) signal or not: ‘0’ indicates a subcarrier containing no power, and ‘1’ indicates a
subcarrier containing a BPSK-modulated signal. The idea is that when the operator
uses a channel frequency offset, the comb is shifted accordingly. Thus, after achieving
timing synchronization and fractional frequency synchronization, the receiver may carry
out FFT and search for the integer frequency offset. Here the receiver may use the
received power at the presumed pilot carriers (i.e. the comb) and find the frequency
offset without demodulating the pseudo random binary sequence. The correct integer

frequency offset (= an integer multiple of subcarrier spacing) can then be detected by
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the presence of a relatively good match with the shifted comb and the measured

subcarrier signal power. The FFT-size (selected from, for example, 5 choices) is then

indicated by a selection of 5 BPSK-patterns S (0: Sy (DK Sy (L=1) , form=1,2,34 or 5.

The frequency offset (after adjusting for its fractional part) amounts to adding a

L-1-n
S(n)= Y P(k)P(k+n)

constant offset » to the subscripts. The sum k=0 then computes the

S(0)=N

number of collisions between the comb and its shifted version, and equals the

number N of subcarriers in the comb. For detection of the integer frequency offset to

S(m),n#0

work, the collision counts should be small in comparison to the correct match

N.

Ideally, the structure of the P1-signals should be such that it supports other methods of

detection as well, thereby providing hardware designers with freedom of choice.

Another approach to the problem of detecting the presence of a P1-signal is based on

time domain correlation. In order to support this alternative approach as well, the actual
i P(K)S,, (k) exp@r jlf + (n +3k)Af]6)

signals =0 should have good cross-correlation

properties — not only for distinct values of m but for distinct values of (m,n) pairs, i.e.,

for different values of the (FFT-size, frequency offset) combinations.

Other properties required by the set of signals are reasonable time domain
autocorrelation properties and reasonable peak-to-average-power ratio (PAPR)
properties. Ideally, it should also be possible to quickly and efficiently regenerate both
the comb and the BPSK-sequences without resorting to large look-up tables.

Embodiments are directed to: 1) combs limited to every third subcarrier, and 2) combs
that contain approximately one half of the remaining subcarriers, so the number of
active subcarriers N should be approximately L/6. With these assumptions in place,

L'=|L/3]+1

shorter comb patterns/ sequences of length are of interest.
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In accordance with embodiments, a binary m-sequence of a suitable length is used to
generate the comb, and selected cyclic shifts of the same m-sequence (now interpreted

as +1/-1 as opposed to 0/1) are used to generate 5 BPSK-patterns.

Six bit patterns, each consisting of r bits, not all zero, which are hereafter referred to as

the seeds, are specified. The seeds are then extended into a sequence of length 2" -1 by
applying a recurrence formula determined by a primitive polynomial of degree r. Note
that the same recurrence formula is applied to form each of the 6 sequences. One of the

sequences is singled out to determine the comb, and the other 5 determine the BPSK-

patterns by reinterpreting ‘0> as +1 and ‘1’ as -1. Ideally, then L'=2" -1. Different use

cases, and an alternative method for constructing the comb, may also be used.

81129 -
In the specific use case of DVB-T2, L=1531 subcarriers, so L'=511=2"-1r=9 , and the

primitive feedback peolynomial 1+ x4 may be used. An example set of seeds
consists of 100 000 000 for the comb, and 000 110 101, 110 001 100, 101 111 101,
101 101 111, 111 100 111 (all interpreted as +/-1s) for the 5 BPSK-patterns. These are
extended to sequences P, and Sy, for m=1, 2, 3, 4 and 5 by repeated applications of the

recurrence formulas P9 = P49+ P(c=9) (mod2) ,and Sun(®) =Sy (k=9*5,(k=9) o

k=9,10,..., 510.

A design criterion in the selection of the seeds is that, while the resulting sequences are
cyclic shifts of one another, the amount of shift that it takes to get from one to another
should be made relatively large. Similarly, the seeds may be designed such that one of
them cannot be produced from the bitwise XOR of the comb sequence and another

sequence by a short (e.g., less than 45 positions) cyclic shift.

If the number of available carriers L’ is not of the form 2" -1, but is still relatively close
to such a number, then the comb and the sequences may be shortened by truncating a
small segment off the tail end of the m-sequences, or the pattern may be extended by

cyclically repeating it for a relatively short time. In the above example, the number of
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subcarriers may be reduced from 1531 to 1507 by cyclically shifting the comb pattern
as well as the BPSK-sequences by one position. To achieve this, the 9 bit seeds may be
extended to 10 bits by applying the recurrence relation once. After that, the first bit
may be left out thereby producing a 9 bit seed. Thus, the seed 000 000 001 for the
comb, and the seeds 001 101 010, 100 011 000, 011 111 010, 011 011 110, 111 001 111
for the BPSK-sequences would be used instead of the above suggestions. Then, the
comb will begin with 8 zeros, i.e. 24 empty subcarriers, and the P1-signal is narrowed
down to 1507 consecutive carriers. Observe that the role played by the available
bandwidth is less important, as in a narrower band (e.g. 5 MHz) application the spacing
between subcarriers is also narrower, and there is still room for roughly the same

number of subcarriers.

An alternative method of generating a frequency domain comb is to use the quadratic
residue sequences (=QR-sequences), which are known in the art. The resulting comb
shares the collision statistics between shifted versions with the m-sequence based comb.
This alternative method has the advantage that the length of a QR-sequence is a prime
number p congruent to 3 modulo 4. Thus, the set of available lengths is more flexible -
when QR-sequences are used. Cyclically shifted versions of the same sequence can be
used also here for constructing the BPSK-sequences. However, generating a relatively
long QR-sequence on the fly is computationally more taxing, and in practice a relatively

large look up table may have to be used.

In accordance with at least one embodiment, the proposed 5 Pl-signals are

510
PL, &)= Y. P()S,, (K)exp2x jf +(n+30)87]0)
k=0 , for m=1,2,3,4 and 5. Here n denotes the

integer part of the frequency offset. It is counted as a multiple of subcarrier spacing, so
in the proposed use case "7 372752112 correspond to frequency offsets of
£1/6,21/3:41/2 MHz (note that fractions of subcarrier spacing are handled earlier
irrespective of whether they are a result of a rounding error here or a result of a clock

discrepancy between the receiver and the transmitter). But the presented construction

38



[150]

[151]

[152]

WO 2009/050552 PCT/1IB2008/002639

actually allows any integer values of n up to 134. Here P and S, for m=1, 2, 3, 4 and 5,
are the sequences of length 511 discussed above. These signals occupy 256 subcarriers

within a range of 1531 consecutive subcarriers.

There are various other choices for the seeds that work equally well. For example, each
of the 6 m-sequences may be cyclically shifted by the same amount without changing
the correlation properties. The example values of seeds work well, when the integer
part »n of the frequency offset is less than 3*45=135. Within that range the cross-
correlations among the offset versions of the sequences remain low. A computer search
has revealed other sets of seeds with equally good performance. The possibility of an
even slightly wider range of low correlation has not been fully excluded, but it is known
that if » might be as large as 3*51=153, such a low correlation range cannot be achieved

with this method, no matter how carefully the seeds are selected.

The spacing in multiples of 3 allows the integer part of the frequency offset to be
detected relatively quickly as there are no collisions between the true comb and the
tested version, unless the difference between the tested and the actual integer offsets is a
multiple of 3. If that condition is satisfied, then the number of collisions is 256, when

we have the correct offset, and the number of collisions is in the range 119...128

_otherwise, i.e. near the optimal pseudorandem half-way point of 128. For a randomly

generated comb with a similar structure (=limited to every third subcarrier) and density
(=altogether one out of 6 subcarriers in the average is ‘active’), the expected range (+/-
2 standard deviations from the expected value) for the number of collisions is from 104
to 144, so the use of m-sequences improves this by bringing the variation into a

narrower range.

The underlying algebraic structure of the m-sequences helps ensure that nearly all the
sequences produced in this manner have reasonably good PAPR-properties (the
exception is to use the same seed for the comb and one of the sequences) and
reasonably good time domain autocorrelations. The careful choice of the seeds further

helps ensure good cross-correlation properties among the offset version of the various
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sequences. Indeed, the non-trivial correlations are very close to zero as opposed to

randomly fluctuating up to +/- 2SD level of 32.

Figure 28 is a graph of auto/cross-correlations between pilot sequences and their

frequency offset versions in accordance with one or more embodiments.

Figure 29 is a zoomed in version of the graph of Figure 28 showing the low cross-

correlation range of frequency offsets.

Figure 30 is a graph that shows the envelope amplitude of a first P1-signal (a single
symbol computed with a central frequency of 666 MHz, and carrier spacing of 4464 Hz,
sampled at 25 MHz to produce these figures) in accordance with at least one

embodiment. The scale is chosen so that the mean square amplitude equals one.

Figure 31 is a zoomed in version of the graph of Figure 30. Together Figures 30 and 31
show the reasonable PAPR-properties of the set.

In the discussion of the BPSK and P1 sequences that follows, F=GFG12) will denote
the finite field of 512 elements, and & will be a primitive element of F that satisfies the

5 9 _ i
equation I+g°+8 =0 o the powers & go through the non-zero elements of F, as the

exponent i takes the values i=0,1,...,510. We further note that& B will then be a root of

the earlier feedback equation 1+x'+x"=0_ Let #:F=>0FQ) pe the trace function.

The previous 0/1-valued m-sequence and all its cyclic shifts are gotten as the sequences

me()=1r(ag™) gor 1=12K 511 gpg a %0 We write *®=CD"" and o=/

ﬂj € F’] = 1’233,435

Thus, we can select elements 2 € F and such that the comb of zeros

, iy _ -
and ones is gotten as T =#(ag )""(l"e(ag h) 2 and that the BPSK-sequences are

N i-1
gotten as Si=eBig™)  The Pl-sequences are thus given by the formula

P10 =1~ etag™ g2 )2 :
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()= erx)=0
We have the identity €**3)= e(x) () and sums xeF (hereafter referred

to as equation (1) or sum (1)), whenever 7 is non-zero, and the so called Gauss’ sums

510
Sthy) = eg)o”
1=0 (hereafter referred to as equation (2) or sum (2)) that have complex

absolute value V512 when both y and k are non-zero, and less than that when one but

not both of them is zero.

At this point we record that the proposed comb cotresponds to the choice ¢ =1.

’ k
Let us consider the number of collisions between the pattern P(R)=(1~e(ag")/2 gnd its

shifted version P**+™  where n indicates the shifted amount (at most [112/3|=37). If

we were to continue the pattern of this comb cyclically with a period of 511, then the

R 4
number of collisions may be computed. Denote the variable *¥=& | and adopt the usual

convention that F is the set of non-zero elements in the field F. Then the number of
‘collisions modulo 511> is (so k+tn is computed modulo 511)

PUEDICCOE > elag"x)+ > e(ali+ g")x)]

511 1
ZP(k)P(k tn)=g
k=1 xeF*  xeF’ xeF xeF*

n
Here the first sum is 511. Because t < 511, the coefficients a,0g",a(1+8") are non-

zero, and equation (1) tells us that the remaining sums are all equal to -1 (adjusting for

the fact that the term %=1 is missing from the sums). Altogether we get that the
shifted comb has 512/4=128 collision with the cyclically extended comb. When we
take the tail effects due to the sum k+n overflowing > 511 into account, we see an
expected drop on the number of collisions. At n=1, 2, 3, 4, 6, 7, 8 there are 128
collisions, and this number drops approximately linearly as n grows. When n reaches
the maximum value of 37, the number of collisions is 125. The lowest value of 119
collisions is reached with offset n=36. So with this comb the number of collisions

between two offset combs will be close to the ideal midway point of 128.
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[162] We can compute the cross-correlation between two Pl-sequences (in the f-domain, as
per Parseval’s theorem it doesn’t matter whether this is done in the frequency or time
domain) as

510
(PLLPLY) =2 > (1= elog elB; - B)g") = —;—[ 3 e(B; - B0 = Y el + B, ~ B;)x)

i=0 xeF xeF J’ SO the

sum (1) tells us that this cross-correlation is equal to zero, provided that Bi=by is non-

a+ B, By .
B~ B; 1S non-zero

zero (in other words, the two sequences are different) and that
(in other words, the two sequences are not bitwise complements of each other). A
practical test for this is that for two sequences of this type to be orthogonal, their initial
segments are different from each other, and that the bitwise XOR of their initial

segments differ from the initial segment of the comb P.

[163] As in the computation of the number of collisions, we first extended the sequence
cyclically in the f-domain, compute the eross-correlation between such an extended pair
of signals, and more or less ignore the short ‘tail’, which is the sum of a handful
pseudorandom terms, and will not contribute much. So the (f-domain) cross-correlation

between a Pl-signal and another P1-signal offset by t positions from the former is

510

(P1, Py (affsetbyn) = %Z(l ~ e(ag"e(B;8' )1~ e(og™" Ne(B g™ =
i=0

4 xeF xeF xeF xeF
(hereafter referred to as equation (3)).

- l[Ze([ﬁ,- g8, k)Y elw+8p-g"8,})- S ell, - g + k) Tella+ 8- 5" @+ /z,-olx)]'

[164] Observe that here the indices j and j° may be equal, i.e., we are also interested in the
correlation between a sequence and its offset version. From equation (1), we see that
this main term is zero, unless one of the coefficients in square brackets is zero. As n

takes values in a range about zero, we are left with the goal of selecting the coefficients
BK.Bs in such a way that the base & discrete logarithms of the coefficients

themselves, and also of the sums ¢ + Pk e+ Bs gre ag far from each other as possible

(cyclically modulo 511). As there are 10 field elements here altogether the minimum
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separation among the discrete logarithms cannot be higher than [511/10]= 1 With the

=]=

0
choice ¢ & of the sample construction a small heuristic search gave the set used in

33 181 135 499 245 398
1 i . = a+ p = = o+ = = o+ =
the discussion above: A1=8>a+hi=g" F=g .a+f =" B=gTatp=g"

— o349 — 85 _ 445 _ 5296 . . .
Pi=gma+Pi=g"  PBs=g".a+Ps=8"" Here the discrete logarithms form a list

{33, 135, 245, 349, 445, 181, 499, 398, 85, 296} — the first five discrete logarithms

specify the elements AX:Ps and the last five list the discrete logarithms of the

K,a+Ps The smallest cyclic separation of 45 is here between 499 and

elements ** 4>
33, as 33-499+511=45. Another sequence of discrete logarithms that also has the
smallest cyclic separation of 45 is {33, 135, 233, 339, 447, 181, 499, 388, 286, 80}. It
is unknown, whether there are choices leading to an even larger cyclic separation. As

3*45=135 (subcarrier separations) is larger than 112, this suffices for our purposes.

These numbers explain the gaps in Figure 28. There are no matches with offsets up to
44 in either direction, so the width of the near-zero zone in Figure 28 is 2%44+1=89
carriers. We note that the separation 45 corresponds to the terms with a minus sign in
equation (3). The smallest cyclic separation corresponding to a term with a plus sign is
96, and it occurs between the pairs (445, 349) and (181, 85). This explains why the
nearest sidelobes are all negative, and also explains the wider gap of 2*96+1=193
carriers above the x-axis.
510

Stk,y) = e(rg)o"
Here we show how the bound i=0 means that the auto-correlation of the

proposed signals remains at a low level at least for a certain discrete set time
displacements. The time domain version of the proposed Pl-signal is

PL()=K Y PL, (k)™ +4
k » Where for convenience we may include the frequency

offset into £, and let Af be the spacing between two possible carriers of the P1-signal =3
times the subcarrier spacing of the 2k OFDM-symbol). Assume that we have a time

error At that is less than the guard interval. Then the time domain correlator sees
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(PLO.PLE+A) =K [ 35" PL (0PI ()T g2 a0
period kK

= K 2TEY pr () )
k (hereafter referred to as equation (4)).

Here the coefficients K and K’ are there for normalization and contain the power
boosting as well as the constants coming from DFT and the integration. The absolute
value of this term depends thus (up to scaling) only on the sum. Assume that 4¢ has
such a magnitude that the product 4f 4t = n/511, for some integer n. That is, the time
error is an integer multiple of 1/511 of the common period of the subcarriers. So we

2 JE(8f-A0) _ ok Pl (k+1)=(1-e(ag"))/2

can write € Taking into account the fact that
only depends on the pattern of the comb (and not at all on the BPSK-modulation) we

see that at these values of the time error the cross-correlation equals

510
(P10, P +n /511 AFD) = K" (1-eag" ™.

k=0 (hereafter referred to as equation (5)).
The sums in equations (1) and (2) then tell us that (forgetting the multiplier K** — its

absolute value is independent of n) this sum has the value 256, when n=0 (i.e. when

there is no timing error) and has absolute value V512~ 226 otherwise. To summarize:
with our signals there is a relatively dense discrete set of time errors that will lead to
auto-correlations values about 10 dB below the synchronized value. While this is not
conclusive, it is highly suggestive that the auto-correlation properties of our proposed

signals are relatively good.

Again the sums (1) and (2) are central to our estimate. When we compare two different
P1-signals P1j and Ply, the computation that lead to equations (4) and (5) above will
this time yield

510

(P1,(0),P1;(r +n/(511- AN)= K" (- eogNe(B; - B)g" ™.
k=0
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\

Recall that we work under the assumption that Fi=br=a

. If here n=0, then this sum

evaluates to 0 by formula (1), and otherwise we have here two Gauss’ sums, so by the

KPI SO, P+ /(511 Af)))l <2K"512

triangle inequality we can estimate In other
words, at this discrete set of time errors the cross correlations are at least 7 db below the

perfect match of 256*K”’,

Again the sum (2) allows us to give a relatively sharp estimate of the envelope power at
the sampling instants 4t = n/(5114f) for all n=0,1,...,510. We have

510
1

Toh ;(1~e<dgk))e<ﬂ,gk>w“

=0

|PLy(nrs11- 1)) =

As *7 Ay we get zero at n=0, and by the result of equation (2) on Gauss’ sums, the sum

in absolute value signs is upper bounded by 2V312, Altogether the sampled envelope

.power is thus at most 1. Here the total signal energy is 256, so the mean power is

V256/2048 =1/ \/37' Thus at this (Nyquist) sampling rate the maximum to mean envelope
power ratio is at most /8 . There is a general bound that tells us that the continuous

peak-to-mean-envelope-power-ratio is then at most (In(511)+1.132+4/5118 in the

worst case (and in practice most likely quite a bit better).

One or more aspects of the invention may be embodied in computer-executable
instructions, such as in one or more program modules, executed by one or more
computers or other devices. Generally, program modules include routines, programs,
objects, components, data structures, etc. that perform particular tasks or implement
particular abstract data types when executed by a processor in a computer or other
device. The computer executable instructions may be stored on a computer readable
medium such as a hard disk, optical disk, removable storage media, solid state memory,
RAM, etc. As will be appreciated by one of skill in the art, the functionality of the

program modules may be combined or distributed as desired in various embodiments.
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In addition, the functionality may be embodied in whole or in part in firmware or
hardware equivalents such as integrated circuits, field programmable gate arrays

(FPGA), application specific integrated circuits (ASIC), and the like.

[175] Embodiments include any novel feature or combination of features disclosed herein
either explicitly or any generalization thereof. While embodiments have been described
with respect to specific examples including presently preferred modes of carrying out
the invention, those skilled in the art will appreciate that there are numerous variations
and permutations of the above described systems and techniques. Thus, the spirit and

scope of the invention should be construed broadly as set forth in the appended claims.
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We claim:
1. A method comprising:
binary phase shift key modulating a first pilot symbol according to a reference
sequence;

differentially modulating a second pilot symbol to generate a differentially
modulated sequence;

generating a combined modulated signal by combining the original reference
sequence and the differentially modulated sequence; and

performing an inverse fast Fourier transform on, and inserting a guard interval

into, the combined modulated signal.

2. The method of claim 1, wherein the first pilot symbel is configured for use as a

channel estimate.

3. The method of claim 2, wherein the channel estimate is configured for use in

equalizing a second pilot symbol.

4, The method of claim 1, wherein the step of differentially modulating the second
pilot symbol is performed according to at least one of the following rﬁles:

if pseudo random binary sequencey = 0, then bx 2 = by and if pseudo random binary

sequence = 1, then by, = -by 1, and

if pseudo random binary sequencey = 0, then bxz = -bi and if pseudo random binary
sequencey = 1, then by, = by 1, where pseudo random binary sequencey is the kth element of the
pseudo random binary sequence, and by is the transmitted symbol on kth carrier at mth pilot

symbol symbol.

5. Apparatus comprising a processor and a memory containing executable
instructions that, when executed by the processor, perform:
binary phase shift key modulating a first pilot symbol according to a reference

sequence;
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differentially modulating a second pilot symbol to generate a differentially
modulated sequence;

generating a combined modulated signal by combining the original reference
sequence and the differentially modulated sequence; and

performing an inverse fast Fourier transform on, and inserting a guard interval

into, the combined modulated signal.

6. The apparatus of claim 5, wherein the first pilot symbol is configured for use as a

channel estimate.

7. The apparatus of claim 5, wherein the channel estimate is configured for use in

equalizing a second pilot symbol.

8. The apparatus of claim 5, wherein differentially modulating the second pilot
symbol is pgrformed according to at least one of the following rules:

if pseudo random binary sequencey = 0, then by > = by ; and if pseudo random binary

sequencey = 1, then by, = -by 1, and

if pseudo random binary sequencey = 0, then by = -by; and if pseudo random binary
sequencey = 1, then by s = by 1, where pseudo random binary sequencey is the 4th element of the
pseudo random binary sequence, and by, is the transmitted symbol on kth carrier at mth pilot

symbol symbol.

9. The apparatus of claim 5, wherein the first and second pilot symbols each use a 1k

fast Fourier Transform.

10.  The apparatus of claim 5, wherein the first and second pilot symbols have a 1/1

guard interval.

11. A method comprising:
receiving a first pilot symbol and a second pilot symbol;
removing a guard interval from the first and second pilot symbols;

performing a fast fourier transform on the first and second pilot symbols; and
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differentially demodulating the first and second pilot symbols to generate an estimated

pseudo random binary sequence.

12. The method of claim 11, further comprising: using the first pilot symbol as a

channel estimate.

13.  The method of claim 12, further comprising: using the channel estimate to

equalize the second pilot symbol.

14.  The method of claim 11, wherein the step of differentially demodulating the first

and second pilot symbols to generate an estimated pseudo random binary sequence is

performed according to at least one of the following rules:

if bz = by 1, then the estimated pseudo random binary sequencey = 0, and if by = -by

then the estimated pseudo random binary sequencex= 1, and

if by = -by,; then the estimated pseudo random binary sequencex = 0, and if by, = by 1,
then the estimated pseudo random binary sequencey = 1, where the estimated pseudo random
binary sequence is the kth element of the estimated pseudo random binary sequence, and by, is

the received symbol on kth carrier at mth pilot symbol.

15.  Apparatus comprising a processor and a memory containing executable
instructions that, when executed by the processor, perform:

receiving a first pilot symbol and a second pilot symbol,;

removing a guard interval from the first and second pilot symbols;

performing a fast fourier transform on the first and second pilot symbols; and

differentially demodulating the first and second pilot symbols to generate an estimated

pseudo random binary sequence.

" 16.  The apparatus of claim 15, wherein the memory contains further executable
instructions that, when executed by the processor, perform: using the first pilot symbol as a

channel estimate.
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17.  The apparatus of claim 16, wherein the memory contains further executable
instructions that, when executed by the processor, perform: using the channel estimate to

equalize the second pilot symbol.

18.  The apparatus of claim 15, wherein differentially demodulating the first and

second pilot symbols to generate an estimated pseudo random binary sequence is

performed according to at least one of the following rules:

if by = by 1, then the estimated pseudo random binary sequencey = 0, and if by 2 = -by

then the estimated pseudo random binary sequence;= 1, and

if by, = -bi ; then the estimated pseudo random binary sequencex = 0, and if bxz = by,
then the estimated pseudo random binary sequencei = 1, where the estimated pseudo random
binary sequencey is the kth element of the the estimated pseudo random binary sequence, and by

is the received symbol on kth carrier at mth pilot symbol.

19.  Apparatus comprising a processor and a memory containing executable
instructions that, when executed by the processor, perform:

specifying a plurality of seeds that are bit patterns each having r bits not all of which have
a value of zero;

extending the seeds into respective sequences of length 2'-1 by applying to each seed a
recurrence formula determined by a primitive polynomial of degree r; and

using one of the sequences as a comb sequence and using the sequences other than the

comb sequence as binary phase shift keying patterns by interpreting 0 and 1 values as +1 and -1

values.

20.  The apparatus of claim 19, wherein the primitive polynomial is 1 + x*+ x>

21.  The apparatus of claim 20, wherein the comb sequence is based on a seed having
a value of 100 000 000.

22.  The apparatus of claim 21, wherein additional seeds include at least one of:
000 110 101, 110 001 100, 101 111 101, 101 101 111, and 111 100 111 interpreted as values of

plus 1 and minus 1, as opposed to 0 and 1.
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23. The apparatus of claim 21, wherein the seeds are extended to sequences P, and S
for m=l, 2, 3, 4 and 5 by repeated applications of the recurrence

formulas P(k) = P(k —4)+ P(k—9) (mod2), and S,,(k)=S,,(k—4)*S,,(k—9) , for k=9,10,..., 510.

24.  The apparatus of claim 23, wherein the memory contains further executable

instructions that, when executed by the processor, perform: calculating pilot symbol signals as

510
Pl,,() = ZP(k)S,,, (k) expRz j[f + (n+3k)AS 16, for m=1,2,3,4 and 5, where n denotes an integer part

k=0
of a frequency offset.
25.  The apparatus of claim 24, wherein n=+37,275+112 correspond to frequency

offsets of +1/6,+1/3,+1/2 MHz .
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