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TIME AND FREQUENCY SYRCHRONIZATION

This application claims the benefit of U.S. Provisional Application No.
61/544,190, filed October 6, 2011 and U.S. Utility Application No. 13/470,445 filed
May 14, 2012,

BACKGROUND

Long Term Evolution (LTE} is a technology developed by the 3rd Generation
Partnership Project (3GPP) for mobile broadband wireless communication. in LTE,
transmussions from the base stations (referred to as Evolved Node Bs (eNBs)) to user
terminals {referred to as user equipment (UE)) are sent using orthogonal frequency
division multiplexing (OFDMY. In OFDM systems, such as LTE, a wideband carrier 1s
divided into multiple subcarriers. The basic unit of transmission m LTE is a resource
block which, for most configurations, comprises twelve 15 kHz subcarners m the
frequency domain and one 0.5 millisecond slot {seven OFDM symbels) i the time
domair.

ln order to demodulate transmissions on the downlink, 8 user ternunal first has
to synchronize in time and frequency with the base station. When the user ternunal
mitially connects to the cell, it performs a cell search operation. During the cell search
operation, the user ternunal performs coarse time and frequency synchronization with
the base station and determines the cell wdentity for the cell served by the base station,
To assist the user terminal i the cell search procedure, the base station transmits two
synchronization signals on the downhnk: the primary synchronization signal (PSS} and
the second synchronization signal (SSS). The PSS and SSS span only the six resource
blocks i the center of the transmutted signal. The possible sequences representing
ditferent cell 1Ds are known ¢ prior to the user ternunal, and the user terminal finds
the cell ID by correlating the transnutted signal with each of the candidate sequences.
After acquiring coarse time and frequency synchronization, during the cell search
procedure, the user terminal reads the system information from the broadceast channel.
The system information includes, among other things, information about the uplink and

downlink cell bandwidth and the common reference symbol (CRS) configuration. The
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user terminal uses the CRN to demodulate mformation received on the downlink. The
CRS is alse wsed to maintain time and frequency synchromzation with the base station,
The CRS spans the entire bandwidth of the signal being ransmitted by the base
station and occurs in four or six OFDM symbols in every subframe (one millisecond).
Therefore, the CRS {3 useful for both time and frequency synchromization. However,
the CRS may lead to encryy inefficient transmussion because the CRS is transmitted in
every subframe, even when no data is being wransmitted.  Further, the interference
between CURS signals from ditferest cells, and the limuation on the nuember of
transmission modes for control channels that use the CRS for channel estimation, Hmit
the capacity for control channels in LTE. Therefore, it would be desirable to reduce or

etimunate rehance on CRS  for  time  and  frequency  synchronization.

SUMMARY

The present invention provides methods and apparatus for mamntaimng time and
frequency synchronization with a base station. In exemplary embodiments of the
present invention, the scheduling Hexibility of chanpel state formation reference
signals {CSI-RSs) is used to enable time and frequency syuchronization based on
maltiple non-zero power CSI-RSs transmitted in the same subframe, or CSI-RSs in
combination with other synchronization signals transmitted in the same subframe. The
performance level achieved is similar to svrclwonization based on cell specific
reference signals (CRSs) but with lower overhead.

Exemplary embodiments of the invention comprise methods of transmitting
reference signals used for tume and frequency synchronization. In one exemplary
embodiment, the method comprises transmitting a first €SI reference signal in a first
slot of a plurality of subframes m accordance with a first configuration of transmission
resources; transmitting a second CS1 reference signal in a second slot of one or more of
the plurality of subframes in accordance with a second configuration of transmmssion
resources; and transmitting the first and second CSI reference signals from the same
antenna port in at least one of the plurality of subframes.

In another exemplary embodiment, the method comprises transmitiing a
syichronization signal in a first slot of a phurality of subframes; transmitting a €Sl

reference signal in a second slot of one or more of the plumbity of subframes; and
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transimitting the CSN reference signal and the synchronization signal over the same
antenna port in at least one of the plurality of subframes.

In another exemplary embodiment, the method comprises transmitting a
primary synchronization signal in first and second subframes of a frame: transmitting a
first secondary synchrontzation signal in a first slot of the first subframe over a first
antenna port; and transmitting a second secondary synchronization signal a second slot
of the first subframe over the first antenna port;.

Other embodiments of the mvention comprise a base station configured to
transmit reference signals to enable time and frequency synchromzation by a user
terminal.  In one exemplary embodiment, the base station comprises a transceiver
circuit configured to comnunicate with a user terminal over a wireless conununicate
channel; and a control circunt providing reference signals to the transceiver circuit for
transmission to & user terminal. The control circuit is configured to transmit a first €SI
reference signal in a first slot of a plurality of subframes in accordance with a first
configuration of transmission resources; transmit a second €S reference signal in a
second slot of one or more of the plurality of subframes m accordance with a second
configuration of transmission resources; and transmit the first and second €SI reference
signals from the same antenna port int at legst one of the plurahity of subframes.

In another exemplary embodiment, the base station comprises a transceiver
circuit configured to comnunicate with a user terminal over & wireless communicate
channel; and a control circutt providing reference signals to the transceiver circuit for
transmission to the user terminal.  The confrol circuit is configured to transnit a
synchronization signal 1 a fust slot of a phuality of sobframes; transomt a O8]
reference signal in a second slot of one or more of the plurality of subframes; and
transmut the CSI reference signal and the synchrowization signal over the same antenna
port i1 at least one of the plurality of subframes.

In another exemplary embodiment, the base station comprises a transceiver
circuit configured to communicate with a user terminal over a wireless communicate
channel; and a control circot providing reference signals 1o the transcetver civeuit for
trapsmission to the user terminal. The control circuit is configured to transmit a
primary synchronization signal n first and second subframes of a frame; transmt a first

secondary synchronization signal in a first slot of the subframe over a furst antenna port;



WO 2013/050895 PCT/IB2012/054835

10

15

20

25

30

and transmit a second secondary synchronization signal in a second slot of the first
subframe over the first antenng port; and transnut the first and second secondary
synchronization signals from the same antenna port.

Exemplary embodiments of the invention also comprise methods of
synchronization performed by a user terminal.  In one exemplary embodiment, the
method comprises recetving a first CSI reference signal transmitted in a first slot of a
plurality of subframes in accordance with a first configuration of transmission
resourees; receiving a second €Sl reference signal transmitted 1 a second slot of one or
more of the plurality of subframes in accordance with a second configuration of
transmission resources; receiving the first and second TSI reference signals on the same
antenna port 1n at feast one of the plurality of subframes; and synchronizing with the
OFDM system using the first and second CS1 reference signals.

In another exemplary embodiment, the method comprises receiving a
synchronization signal in a first slot of a phuality of subframes over a first antenna
port; recelving a CS1 reference signal in a second slot of one or more of the plarality of
subframes; over the first antenna port; and synchronizing with the OFDM system osing
the CS1 reference signal and syachronization signal.

In another exemplary embodiment, the method comprises vecefving a prunary
synchronization signal that 1s transmitted in a first subframe of a frame and a second
subframe of the frame; receiving a first secondary synchromzation signal that is
transmitted over a first antenna port in a first slot of the first subframe; receiving a
second secondary synchronization signal that is transmitted over the first antenna port
in a second slot of the first subframe; and synchronizing with the OFDM system using
the first and second synchronization signals.

Other embodiments of the wvention comprise a user terminal configured to
synchronize with a base station.  In one exemplary embodiment, the user ternunal
comprises a transceiver circuit configured to conumunicate with a base station over a
wireless commuanicate channel; and a control circust for synchronizing with the OFDM
systent. The control circuit is configured to receive a first CSI reference signal that s
transmitted in a fist slot of one or more subframes in accordance with a first
configuration of transmmssion resources; recetve a second €SI reference signal that is

transmitted in a second slot of one or wore of the plurality of subframes in accordance
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with a second configuration of transmission respurces; receive the first and second €SI
reference signals on the same aitenna port in at least one of the plurality of subframes;
and synchromze with the OFDM system using the first and second CSI reference
signals.

In one exemplary embodiment, the user terminal comprises a transceiver eircust
configured to commumicate with a base station over & wireless communicate channel;
and a control circuit for synchronizing with the OFDM system. The control circuit is
configured to recetve a synchromzation signal that s transmitted tn a first slot of a
plurality of subframes over a first antenna port; receive a €SI reference signal that is
transmutted 1 a second slot of one or more of the plurality of sobframes over the first
antenna port; and synchronize with the OFDM system using the €S reference signal
and synchronization signal.

In one exemplary embodiment, the user terminal comprises a transceiver circult
configured to commamcate with a base station over a wireless conymumicate channel;
and a control circutt for synchronizing with the OFDM system. The contrel circuit is
configured to receive a primary synchronization signal that 1 mansmitted wn a first
subframe of a frame and a second subframe of the frame; receive a first secondary
syichronization signal that 1s trapsnutted over 4 first antenna port in a first slot of the
first subframe; receive a second secondary synchronization signal that is transmitted
over the first antenna port 1 a second slot of the first subframe; and synchronize with

the OFDM system using the first and second sets of synchromization signals.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 iliostrates an exemplary conmmunication network according to
exemplary embodiments as described herein.

Figure 2 iHostrates an exemplary time frequency gnd for an QOFDM system
according to one exemplary embodiment.

Figure 3 illustrates an exemplary radio frame for an OFDM svstent according to
one exemplary embodiment.

Figure 4 tlustrates various types of reference symbols used in LTE systems.

Figure S lustrates an exemplary configuration of CSI reference symbols

according to one exemplary embodiment.
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Figure 6 illustrates the frame tming of the CSI reference symbols according to
one exemplary embodinent,

Figure 7 llustrates another exemplary configoeration of CSI reference symbols
according to one embodiment of the invention.

Figure 8 illustrates an exemplary configuration of the PSS, SSS, and €S
reference svmbols according to one embodiment of the invention.

Figure 9 iflustrates another configuration of the PSS, 8§88, and €SI reference
symbols according to another embodiment of the invention.

Figure 10 illustrates the frame timing for the PSS, S8S, and CSI reference
symbols according to one embodiment.

Figure 11 illustrates an exemplary configuration of the PSS and 5SS according
to one exemplary embodiment of the mvention.

Figure 12 illustrates the frame timing of the PSS and S8S according to one
exemplary embodiment.

Figure 13 illustrates an exemplary method of tansmitting CSI reference
symbols to facilitate time and frequency synchronization.

Figure 14 illustrates an exemplary method of time and frequency
syichronization using CSI reference symbols,

Figure 15 illustrates an exemplary method of transmitting CSI reference
symbols and synchromzation signals to factlitate time and frequency synchronization.

Figure 16 illustrates an  exemplary method of time and frequency
synchronization using TSI reference symbols in combingtion with syachronization
signals.

Figure 17 illustrates an exemplary method of transmitting synchronization
signals to facifitate time and frequency synclronization.

Figure 18 illustrates an exemplary method of tme and  fregnency
synchronization using synchronization signals transmitted in the first and second slots
of the same subframe.

Figure 19 illustrates an exemplary base station according to one embodiment.

Figure 20 tlustrates an exemplary user terminal according to one embodiment.
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DETAILED DESCRIPTION

Turning wow to the drawings, Figure | dlustrates an exemplary communication
network 10 according to one exemplary embodiment of the present wwvention. The
commumication network 10 comprises a plurality of cells 12, though only one cell 12 s
shown i Figure 1. A base station 20 within each cell 12 conununicates wiath the user
terminals 40 within each cell 12, The base station 20 wansmits data to the user
terminals 40 over a downlink channe! for downhnk communications, and receives data
from the user termunals 40 over an uplink channel for uphink communications.

For illusirative purposes, an exemplary embodiment of the present invention
will be desenibed in the context of a Long Term Evolution (LTE) system. Those skalled
m the art will appreciate, however, that the present invention is mwore generally
apphicable to other OFDM systems, such as WiMAX (IEEE 802.16) systems.

LTE uses Orthogonal Frequency Division Multiplexing (OFDM) in the
downlink and Discrete Fourier Transform (DFT) spread OFDM 1 the uplink. The
available radio resources in LTE systems can be viewed as a time-frequency grid.
Figare 2 ilfustrates a portion of an exemplary OFDM time-~frequency gnd 34 for LTE.
(lenerally speaking, the time-frequency grid 50 is divided mto one millisecond
subframes. Each subframe tncludes a swmber of OFDM symbols. For a nornzal cyche
prefix (CP) length, suitable for use in situations where multipath dispersion is not
expected 1o be extremely severe, a subtrame comprises fourteen OFDM symbols. A
subframe comprises twelve OFDM symbols if an extended cyclhic prefix is used. In the
frequency domain, the physical resources are divided into adjacent subcarriers with a
spacing of 13 kHz. The number of subcarriers vanes according to the allocated system
bandwidth. The smallest element of the ume-frequency grid 30 is a resource element
S2. A resource element 32 comprises one OFDM subcarrier daring one OFDM svabol
interval.

As shown in Figore 3, the downlink transmissions sre organized into 10 ms
radio frames 60. Each radio frame comprises ten equally-sized subframes 62, which
for purposes of discussion are numbered 0-9.

Resources for the downlink transmissions are allocated m units called resounrce
blocks {RBs). Each resource block spans twelve subcarriers (which may be adjacent or

distributed across the frequency spectrum) and one 0.5 ms slot (one half of one
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subframe).  Thus, a resource block comprises 84 resowrce elements for the normal
cyclie prefix. The term “rescurce block paw™ refers to two consecutive reseuyrce blocks
occupying an entire 1 ms subframe.

gnals are trapnsmitted

pes

For multiple-input, multiple-output (MIMO) operations, si
from muoltiple antennas at the base station 20 and recetved by muoltiple anteonas at the
user termunal 40, It should be noted that transmissions from the base station are sent
from antenna ports. 1t should also be noted that an antenna port does not necessarily
cortespond to a physical antenna.  Rather, an antenna port 18 & more general concept
that encompasses both physical antennas and virtual antennas created using the beam-
forming techniques at the transmitter. In current versions of LTE, up to 8 antenna ports
are supported.

The radio channel distorts the signals transmitted from the antenna ports. In
order to demodulate the signals transmitted by the base station 20, the user terminal 40
relies on reference signals {RSs) that are trausmitted on the downlink. The reference
signals, and their position in the time frequency gud, are known to the user terminal 40
and can be used o determupe chaonel estimates by measuring the effect of the radio
chanuel on the reference symbols.

Reference signals gre predefined signals occupying specific resource elements
within the downlink thme frequency grid. Figure 4 illustrates some of the reference
signals transnutted m LTE systems., LTE uses several different tvpes of downlink
reference signals mchding common reference signals {CRSs). demodulation reference
signals (DM-RSs), and channel state information {USI) reference signals (CSI-RSs).

The CRS is transmitted in every downlink subframe and in every resouree block
in the frequency domain, thus covering the entire cell bandwidth. The CRS can be used
by the user tepminal 40 1o perform channel estimation for coherent demodulation. The
CRS can also be used by the user terminal 40 to acquire channel state mformation
{CSI). Measurements on the CRS may also be used for cell selection and handover
decisions.

Demodulation reference signals (DM-RSs), sometimes referred to as user
terminal-specific reference signals, are itended for use by a specific user terminal 40

or group of user terminals 40, The DM-RS is theretore transmitted only within the
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rescurce blocks nsed for downlink transmissions 1o the specific user terminal 40 or
group of user terminals 40 on the Phvsical Downlink Shared Channel (PDSCH ).

CSI reference signals are intended for use by user terminals 40 to acquire
channel state nformation in the case when demeodulation reference signals are used for
channel estimation, such as when non-codebook-based precoding is being wtilized.
Becanse DM-RS are precoded along with their associated downlink transinissions, the
precoded DM-RS can be used by a receiving device to demodulate and recover
transmitied favers without the recetving device bemg explicitly informed of the specific
precoding that is applied on the transmuiting side.  In such cases, it may sull be
desirable for the recewving device to signal precoder recomuendations to the base
station. Because DM-RSs are themselves precoded, they can only be used 1o estimate
the equivalent channel experienced by the precoded layer (including any precoding),
not the physical channel.  As a result, n such scenarios, terminal-specific CSI-RSs
may bhe used for channel estimation as part of the procedure for generating CSI. For
example, CSI-RS are used by UEs to generate TSI when transmission mode 9 {which,
as delined i Release 10 of LTE, provides non-codebook-based precoding for
transmissions of up to eight layers) is utilized in an LTE network. The CSI-RS has a
significantly lower timeffrequency density than the CRS and s therefore more efficient
m the case of a reference signal only targeting €SI Additionally, because the
time/frequency allocation of CSI-RSs can be selectively configured, wsing CSI-RSs for
(51 generation in such sceparios can result in significant flexibility.

A cell 12 can be configured with 1, 2, 4, or 8 CSI reference signals. The €SI
reference signal configwation depends on the number of CSI reference signals used
within a cell and mav be different for different cells. Within a resource block pair,
there are 40 possible positions for the reference syvmbols of the CSI reference signal.
The period of the CS1 reference signals 1s also configurable with a maximum frequency
of once every 5 mitliseconds to a minimum frequency of once every 160 milliseconds.

In addition to the reference signals described above, the base station 20
transmits a primary svachronization signal (PSS} and a secondary synchromzation
signal {SSS) to facilitate time and frequency syachronization for cell search operations.
For frequency division duplexing (FDD) operations. the PSS and 8SS are transmutted

within the last 2 OFDM symbols in the first slot of subframes 0 and 5. For tune
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division duplexing {TDD) operations, the SS8 is transmitted in the last OFDM symbal
of subframes 0 and 5, and the PSS v transmitted in the third OFDM symbol of
sabframes 1 and 6. The PSS and SSS are wransmitted in the center of the svstem
bandwidth, occupying 6 resource blocks in the frequency domain. As previously noted,
the configuration of the PSS and 858 allow coarse time and frequency synchromzation.
The CRS 15 used for fine tuning both time and frequency syachronization.  One
disadvantage of this approach is that the high density of the CRS results mn high
overhead.

In exemplary embodiments of the present invention, the CSI reference signals
are configured in a manner so that multiple TS reference signals, or CSI reference
signals in combination with the PSS and S85 may be used to maimtain time and
frequency synchromzation with performance approximating svachronization using the
CRS, but in a more efficient manner.

In general, the synchronization signals are transmitted by the base station 20 at
predetermined times {e.g., m a specific subframe and/or slot within every frame) and
each carrv a value or values chosen from a known set. Because these value or values
are chosen from a known set, the value(s) can be recognized by a receiving device as
being part of a synchromization signal (andior as bewmg a particular type of
synchronization signal} even if the receiving device is not vet aware of the frame timing
being used in the relevaat cell 12 (e.g., an unsynchromized user terminal 40). The
recelving device may then use the timing of the received synchronization signal{s) 1o
determine the frame timing being used n the relevant cell 12, thereby allowing the
receiving device to synchronize with cell 12, In particular embodiments, the
synchronization signals mav also convey additional information based on the specific
value(s) selected.

For example, in particular embodiments, gach cell 12 is associated with one of
504 different physical-layer cell wdentities. The 504 different physical-layer cell
identities are divided into 168 different cell-identity groups, each containing three cell
identities.  In such embodiments, base station 20 transmuits a PSS that comprises one of
three predetermined Zadoff-Chu (Z(C) sequences, with the specific ZC sequence
transmitted identifying, front within a particular cell-tdentity group, the cell identity for

the associated cell 12, In such embodiments, base station 20 also transmuts a paw of
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SSSs (S8S1 and S8S2) every frame, with each S88 being wransmitted during a
predeterniined subframe within the frame, SSS1 and S882 are both generated from one
of 168 predetermined pairs of s-sequences (X and Y}, with X and Y being frequency
interleaved in the relevant SSS.  The same pair of m-sequences, X and Y, 8 used to
generate both §S851 and SS82, but 8552 has X and Y swapped in the frequency domain
relative to 3581, Consequently, in embodiments of this type, a user termunal 40 may be
able to identify one of 504 different physical-layer cell identities associated with cell 12
by using S5S1 or S8582 to determine a cell-identity group for cell 12 and asing PSS to
identify a particular cell wdentity in that cell-identity group. Furthermore, becaunse the
relevant pair of m-sequences is frequency swapped between SSS1 and SS82, the user
terminal 44 is able to deternune whether 1t has received a valid SSS1T or a valid S582
based on the frequency mapping of the transmitted X and Y sequences. As a result, in
such embodiments, the user terminal 40 may be able to synchronize with cell 12 after
receiving PSS and only one of SS1 and §S2.

Figure 5 illustrates a resource block 70 in an exemplary embodiment of the
mvention using CS1 reference siguals for time and frequency synchronization. In this
embodiment, the two CSI references signals 80 are transmitted in the first and second
slots respectively of the same subframe, and are offset in frequency. The CSI reference
signals may be transmitted from a single base station 20 i a cell 12, or from different
or multiple transmission points within the cell 12, A first CSE-RS is transmitted in the
fast two symbols of the first slot of a subframe and a second CSI-RS s transmitted in
the last two symbols of a second slot of the same subframe. Thus, the CSI-RSs m the
first and second slots are separated by 0.5 ms in the time domain. The first and second
(CSI-RSs may be transmitted on different subcarriers as shown in Figure 5 to provide
greater density m the frequency domain when the two transmissions are considered
together.

The two CSI-RS signals shown in Figure § are transmitted from the same
antenna port. Because the same antenna port is used to transmit the CSI references
signals, 1t i3 ensured that the CSI-RSs are transmitted from the same physical antenna
and that the channel measured using the two CSI-RSs is the same. Hence, performing
measurenieats on these two different CSI-RSs therefore can be used to assist

synchronization.
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It may be noted that conventional systems enabled muluple CSI-RS
configurations within the same cell 12, However, conventional svstems did not require
that the same antenna port be used. Therefore, the user ternunal 40 could not make any
assumption on the relation between the antenna ports of different CSI-RS
configurations and could not use these reference symbols for synchromzation purposes.
By contrast, particular embodiments of the present invention may enable time and
frequency synchronization by using two differently configured CSI reference signals
transnutted n diffevent slots of the same subframes over the same antenna port.

As shown in Figure 6, the periodicity of the two CSI-RSs may be configured
ndependently. In the example shown i Figure 6, the first CSI-RS is transmitted with a
pentodicity of 5 ms, e, 5 subframes. The second CSI-RS is transmitted with a
periodicity of 20 ms, te., 20 subframes. The periods are aligned so that CSI-RSs used
for svachronization are transmitted in the both the first and second slots every 20 ms.
The lower repetition frequency for the CSI-RS transmitted i the second slot reduces
the overhead but still enables fine tuping of the svnchronization using the CSI-RSs
transmutted every 20 ms.

In one exemplary embodiment, the CSI-RS transmitted in the first slot is used
for quality estimation and synchrondzation, and the CSI-RS gansmitted in the second
slot 1s used only for synchronization.

Figure 7 illustrates a resource block 70 in another exerplary embodiment. In
this embodiment, a larger number of CSI-RSs 80 are transmitted in the first slot, and a
fewer number of CSI-RSs are transmutted in the second slot in order to reduce

- .

overhead. As shown 1o Figure 7, eight resource elements are allocated in the first slot
for transmussion of four CSI-RSs from four different antenna ports. Two resource
elements are allocated w the second slot for transoussion of a single CSI-RS. The
CSE-RS in the second slot is transmitted from the same antenna port used for one of the
CSE-RSs in the first slot to enable synchronization. The CSERSs in the first slot may
be transmitted at a higher repetition frequency and used for both channel quality
estimation and synchronization., The CSI-RSs m the second slot may be transmitted at
a lower repetition frequency, and are used primarily for synchronization.

Figure 8 illustrates a resource block 70 in another exemplary embodiment

where a CUSI-RS is used m combmation with the PSS and SS8 to perform time and
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frequency syachronization. In this embodiment, the CSE-RS s transmitad in the same
subframe as the PSS and S8S. As noted previously, the PSS and 5SS appear in the six
resource blocks in the center of the bandwidih. In the embodiment shown in Figure §,
the PSS occuples the last symbol of the first slot m the subframe, and the SSS occupies
the second last symbol 1o the first slot. The CSERS, in contrast to the PSS and S8S,
spans the entire bandwidth and is transmitted in the last two symbols of the second slot.
The antenna port used by at least one CSI-RS in the second slot is the same as the
antenna port used for the PSS and SSS. The pertodicity of the USRS may be every §
ms or some multiple of 3 ms. The PSS and SSS bhave good properties for ume
synchronizations.  The PSS and SSS. along with the CSI-RS 1n the second slot, will
yiekl good performance for frequency svachronization.

Figure 9 illustrates two resource blocks 70 m another emibodiment using the
CSI-RS in combination with the PSS and S8S for time and frequency synchronization,
In LTE svstems psing time division duplexing (TDD), the PSS and SSS are not always
transmitted in the same subframe. For example, the SSS may be transmitted in the last
symbol of subframes O and § whide the PSS &5 transmitted in the thud symbol of
subframes 1 and 6. In this embodiment, the CSI-RS may be wansmitied in the same
subframes as the SSS. In the embodiment shown in Figuare 9, the CSI-RS is transmitted
i the last two symbols of the first slot in the same subframes as the SSS. The antenna
port used for the CSI-RS is the same as the antenna port used for the S8S and PSS

Figure 10 Ulustrates the tinkng of the CUSI-RS, PSS, and S8S according to one
embodiment, As shown in figure 10, the PSS and SSS are transmitted in consecutive
subframes every five ms. The CSI-RS is transmitted in the same subframe ag the §88
every 20 ms.

For frequency division duplexing (FDD) in LTE Release 10 and earlier releases,
the SSS and PSS appear in successive OFDM symbols once every five milliseconds,
The SSS signal alternates between two different signals, denoted SS81 and §S82. In
another exemplary embodiment of the invention {e.g. Fig. 11), the configuration of the
PSS and SSS signals may be modified to enable fine time and frequency
synchronization.

Figure 11 dlustrates two resource blacks 70 in a radw frame 60 according to

another exemplary emabodiment. In this embodiment, the PSS s transmitted in the last
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symbol of the first slot. SS51 is transmitted on the second last symbol in the first slot
of the subframe, gnd SS82 s transmitted i the last symbol of the second slot of the
same subframe. The SS82 signal is transmitted from the same antenna port as the
S8S51. The transmission of SSS2 in the second slot of the subframe will improve
performance of frequency synchromzation.

Figure 12 dlustrates the tining of the svnchronization signals in the
embodiment shown in Figure 11, As shown in Figure 12, the PSS is transmitted every
five subframes, while SSS1 and SSS2 are transmutted every ten sublframes. Those
skilled m the art will appreciate that the frequency of the 8851 and SS82 signals could
be varied.

The two S88 sequences could also be transmitted m the same subframe for the
TDD operations. In this case, one of the 5SS signals could be transmitted at the end of
slot 1 and the other transmitted at the end of slot 2. Alternately, because the TDD case
already has a 3 OFDM symbol gap between the SSS and the PSS, the gap can be made
larger to improve frequency estimation performance by transmifting the SSS2 symbols
earlier.

Different base stations 20 may use different subframe offsets to schedule the
PSS and 5SS, such that the subframe numbering is the same tor all base stations, but
the PSS and SSS appear i different subframes for each base station. This staggered
transnussion alteviates interference hetween the base stations 20 for the PSS signal and
significantly maproves the performance when the PSS s used for time and frequency
synchronization. For example, if five base stations 20 each use five different subframe
offsets in a synchronized system having three distinet PSS sequences, an effective reuse
factor of 15 can be achieved. The subframe number that carries the PSS and SSS
signals for any base station 20 can be signaled to the wser ternunal 40 by the base

station 20 in the Physical Broadeast Channel (PBCH) message.

Figure 13 illustrates an exemplary method 100 mnplemented by a base station
20 for transmitting veference signals used for synchronization in an OFDM svstem.
The base station 20 transmits & CSI reference signal tn a first slot of a plurality of
subframes (block 110). The first CSI signal uses a first configuration of transmission
resources. The base station 20 also transmits a second CSI reference sigaal in a second

slot of one or were of the plurality of sobframes (block 128).  The second 51
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reference signal is transnuitted using a second configuration of ansmssion vescurces.
The base station 20 tansmits the first and second CSI reference signals using the same
antenna port in at least one subframe of the plurahity of subframes (block 130},

Figure 14 illustrates an exemplary method 150 of time and frequency
synchronization implemented by a user terminal 60, The user termnal 40 recetves a
first reference signal m a first slot of plurality of subframes (block 160). The first
reference signal is transmitted using a first configuration of transmission resources.
The user termunal 40 also recetves a second CSI reference signal in a second slot of one
or more of the plurality of subframes {(block 170). The second CSI reference signal
ases a second co_m‘_'igurm:_iml of CST resources. The user terminal 40 receives the first
and second reference signals over the same antenna port in ot least one subframe in the
phurality of sabframes (block 180). The user termunal 40 then synchronizes with the
OFDM system using the first and second CSI reference signals (block 190y

Figure 15 illustrates another exemplary method 200 of transmitting reference
signals for synchronization in an OFDM system that is implemented by the base station
20, The base station 20 transmits one or more synchronization signals over a fust
antenna port in a first stot of a plurality of subframes (block 210). The base station 20
also transmits a CSI reference signal over the first antenna port i a second stot of one
or more of the plurality of subframes used for transmission of the synchronization

signal (block 2203

Figure 16 illustrates an exemplary method 250 of synchronization using
synchronization signals in combination with CSI signals tmplemented m g user
ternunal 60. The user termunal 40 receives a synclronization signal that is transmitted
over a first antenna port in a first slot of a plurality of subframes (block 260). The nser
terminal 40 also receives a CSI reference signal that is transmitted over the first antenna
port in a second slot of one or more of the plurahity of snbframes nsed for transmission
of the synchronization signal (block 270}, Because the synchronization signal and €SI
reference signal are transmitted over the same antenna port, the user terminal 40 can
synchronize with the OFDM system using the CSI reference signal received over the

same port as the synchronization signal (block 2803
Figure 17 illustrates an exemplary method 300 of transmitting reference signals

ased for synchronization in an OFDM system that 3 implemented by the base station
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20. In this method, the base station transmits a primary synchronization signal m a first
subframe of a frame and a second subframe of the frame (block 310). The base station
transmits a first secondary synchronization signal over a first antenna port 1o a first slot
of the first subframe (block 320). To facilitate improved frequency synchronization,
the base station also transmits a second secondary synchromization signal over the frst
antenna port in a second siot of the first subframe (block 330).

Figure 18 illustrates an exemplary method 330 of synchronization implemented
by a user terminal 60, The vser termunal 40 receives a primary synchronization signal
that 1s transmitted in a first subframe of a frame and a second subframe of the frame
{block 360). The user terminal 40 receives a first secondary synchronization signal that
s tramsmitted by a first antenna port in a first slot of the first subframe (block 370
The user terminal 40 also receives a second secondary synchrontzation signal that 1s
transmitted by the first antenna port in a second slot of the first subframe (block 380).
The aser terminal 40 can then synchronize with the OFDM systeny using the primary
synchronization signal, the first secondary synchronization signal, and the second
secondary synchronization signal (block 390).

Figure 19 illustrates an exemplary base station 20 and user ternunal 40
according to one embodiment.  As shown in Figure 19, the base station 20 geverates
and sends reference signal to the user terminal 40

The base station 20 comprises a transceiver circunit 22 and & control circoiy 29,
The transcetver cireuit 22 may, for example, comprise a transmitter and recelver
configured to operate tn an LTE system or other OFDM system,  The transnutter and
receiver are coupled to one or more antennas 26. The control circuit 24 controls the
operation of the base station 20 according to the LTE standard. The fonctions of the
control circuit 24 may be implemented by one or more nucroprocessors, hardware,
firmware, or a combination thereof. The functions of the control circuit 24 mcelude
generating and sending reference signals for synchronization as desenbed in this
application. The control circult 24 may be configured to transit reference signal for
synchromzation tmplement the methods showa in Figures 13, 15, and 17,

The user terminal 40 comprises a transceiver circwit 42 and a control circuit 44,
The transceiver circuit 62 may, for example, comprise 8 transmitter and receiver

configured to operate i an LTE system or other OFDM system. The transmitter and
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receiver are coupled to one or more antennas 46. The contral cirenit 44 controls the
operation of the user ternunal 40 according to the LTE standard. The functions of the
control circuit 44 may be implemented by one or more microprocessors, hardware,
firmware, or a combination thereof. The functions of the control circuit 44 mcelude
syichronization with the base station 20 as described in this application. In this regard,
the control circuit 44 may be configared 1o implement the methods shown m Figores
14,16, and 18,

Thus, the foregoing description and the accompanying drawings represent non-
limiting examples of the methods and apparatus taught herein. As such, the present
wmvention 18 not limiled by the foregomng description and accompanying drawimngs.
Instead, the present invention s himited only by the following claims and their legal

equivatents.
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CLAIMS
What ts clammed 15
i A method (100) of transmitting reference signals for synchronization in an

Orthogonal  Frequency Division Multiplexmmg (OFDM) system, said  method
COMPIISING:

transmnitting {110} a fust channel state information (CS) reference signal m a
first slot of a plurality of subframes in accordance with a first configuration of
trapsnussion resources, wherein the first configuration of transmission resowces
defines a first allocation of time and frequency resources for the first CSI reference
signal;

transiitting {120) a second CSI reference signal i & second slot of one or more
of the plurahity of subframes in accordance with a second configuration of transmission
resources, wherein the second configuration of transmission resources defines a second
allocation of time and frequency resources for the second CSI reference signal, and

characterized by transmitting (130) the first and second €SI reference signals
from the same antenna port i both the first slot and the second slot of at least a first

subframe of the plurality of subframes.

2. The method of claim I wherein:

transmoitting the first €SI reference signal in accordance with the first
configuration comprises pentodically transnutting the first CS1 reference signal 1 the
first slot of two or more subframes with g first repetition frequency; and

transmitting the second CSI reference signal 1 accordance with the second
configuration comprises periodically transmitting the second CSI reference signal in the
second slot of two or more of the sabftames with a second repetition frequency

different from the first repetition frequency.

3. The method of claim 1 wherein:

the first configuration of transnussion resonrces supports tansmission of CS1
reference signals from a first set of antenna ports;

the second configaration of transmission resources supports transmission of €SI

reference signals from a second set of anteana ports;
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the first and second sets of antenna ports have a different number of antenna
ports; and
the first and second sets of anterma ports include at least one common antenna

port for transmission of the first and second €SI reference signals

4. The method of clatm 3 wherein the first set of antenna ports has a larger number
of amenna ports than the second set, and wherein the repetition frequency of the first

(51 reference signal 1s shorter than the second CSI reference signal.

5. The method of claim 1 further comprising transmitting  configuration
mformation for the first and second CSI reference signals to the user terminal on a

downlink broadcast channel.

6. A base station {20} in an Orthogonal Frequency Division Multiplexing (OFDM)
system, said base station comprising:

a transceiver (22) cirewit configured to commumcate with a user terminal over a
wireless communicate channel; and

a control cireuit (24) providing reference signals for transmission 1o the user
terminal via the transceiver circuit, saxd control circuit being configured to:

transioit a first channel state wformation (CS1) reference signal in g fivst slot of
one or more subframes;

transmit a second CSI reference signal in a second slet of one or more of the
same subframes: and

transimit the first and second CSI reference signals from the same antenna port.

7. The base station of claim & wherein the contrel circut is further configured to;
periodically transmit the first CSI reference sigaal in the Hrst slot of the two or
more subframes with a first repetition frequency; and
periodically transmit the second CSI reference signal in the second stot of two
or more of the subframes with a second repetition frequency different from the first

repetition frequency.
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8. The base station of claim 7 wherein the control circuit is further configured te:
transmit @ first set of O8I reference signals in the first slot from a first set of
antenna ports;
transmit a second set of CSI reference signals in the second slot from a second
set of antenna ports having a different nwwber of antenna ports fron: the first set; and

wheremn the first and second sets of antenna ports mchude at least one common

antenna port for transmission of the first and second T8I reference signals.

9. The base station of claim 8 wherein the first set of antenna ports has a larger
number of antenna ports than the second set, and wherein the repetition frequency of

the first set of CSI reference signals is shorter than the second set of €SI reference

signals.
10.  The base station of claun 7 wherein the control circait is further configored to

transmit configuration information for the first and second €SI reference signals to the

user terminal on a downlink broadeast channel.

11, A method (150} of synclwonization i an Orthogonal Freguency Division
Multplexing (OFDM) systers, said method comprising:

receiving (160) a first channel state information (CS1) reference signal in a first
slot of a plurality of subframes in accordance with a first configuration of transmission
resources, wherein the first configuration of transmission resources defines g Hrst
allocation of time and frequency resources for the first CSI reference signal;

receiving {170} a second TSI reference signal in a second slot of one or more of
the plurality of subframes in accordance with a second configuration of transmission
resources difference from the first configuration, wheremn the second configuration of
transmission rescurces defimes a second allocation of time and frequency resources for
the second CSI reference signal;

characterized by recewving (180) CSI reference signals transmitted on the same
antenna port during both the first slot and the second slot of at east a first subframe of

the plurality of subframes; and



WO 2013/050895 PCT/IB2012/054835

10

15

20

25

30

synchronizing {190) with the OFDM system usmg the first and second 8]

~

reference signals received during the first sublrame.

12, The method of claim 11 wherein:

recetving the first CSI reference signal in accordance with the first
configuration of transmiission resources comprises periodically receiving the first €Sl
reference signal in the first slot of the two or more sublframes with a first repetition
frequency; and

receiving the second CSI reference signal in accordance with the second
configuration of transmission resources comprises periodically receiving the second
CSI reference signal in the second slot of two or more of the subframes with a second

repetition frequency different from the first repetition frequency.

13, The method of claim 12 wherem:

the first configuration of transmission resources supports transmission of €8]
reference signals from a first set of antenna ports;

the second configuration of transmission resources supports transmission of €S
reference signals from a second set of antenna ports;

the first and second sets of antenna ports have a different number of antenna
ports; and

the first and second sets of antenna ports include at least one common antenna

port for receiving of the first and second CSI reference signals.

14, The method of claim 13 wherein the first set of antenna pons has a larger
number of antenna ports than the second set, and wheremn the repetition frequency of
the first set of CSI reference signals is shorter than the second set of CSI reference

signals.

1S, The method of claim 13 further comprising recetving configuration information

for the first and second CS{ reference signals on a downlink broadeast channel.
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P, A user terminal (40} in an Orthogonal Frequeney Division Multiplexing
{OFDM) svsteny, satd user terminal comprising:

a transceiver cirenit (42} configured to communicate with a base station over a
wireless communicate channel; and

a control circuit (44) for synchromizing with the OFDM svstem, said control
circuit being configured to:

receive a first channel state information {(CS1) reference signal in a first slot of a
phurality of subframes in accordance with a first configuration of transmission
resources, wherein the first configuration of transmission resources defines a first
allocation of time and frequency resources for the first CSI reference signal;

receive a second CSI reference signal in a second slot of one or more of the
phurality of subframes in accordance with a second configuration of transmission
resources difference from the first configuration, wherein the second configuration of
transmission resources defines a second allocation of time and frequency resources for
the second CSI reference signal;

recerve the first and second CSi reference signals on the same antenna portin at
feast one of the plurality of subframes; and

synchronize with the OFDM system using the first and second CSI reference

signals.

17, The user ternmunal of claim 16 wherein the control circuit is further configured
1o

periodically receive the first €SI reference signal i the first slot with a first
repetition frequency; and

periodically receive the second CSI reference signal in the second slot with a

second repetition frequency different from the first repetition freguency.

18, The user terminal of clain 16 wherein the control circuit is further configured
to:
receive a first set of €SI reference signals m the first slot of two or more

subframes trom a fiest set of antenna ports; and
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receive the second USH reference signal n the second slot of twe or more of the
same subframes with a second repetition frequency different from the first repetition

frequency.

19, The user terminal of claim 16 wherein the first set of antenna ports has a larger
numrber of antenna ports than the second set, and wherein the repetition frequency of

the first OS] reference signal is shorter than the second USH reference signal,

20.  The oser termuinal of claim 16 wherein the control aircnit is further configured to
receive configuration information for the first and second CS1 reference signals on a

downlink broadoast channel.

21, A method (200) of transmitting reference signals for syncluonization in an

Orthogonal  Freguency Diviston  Multiplexing (OFDM}  system, said method
characterized by:

transmitting {210} a synchronization signal over a first antenna port in a first
slot of a plurality of subframes; and

transmitting (220) a CSI reference signal over the first antenna port o a second
slot of ope or more of the plurality of subframes used for the fransmission of the

synchronization signal.

22, The methed of claim 21 further wherein:

transmitting the synchronwation signal comprises periodically transmitting the
synchronization signal in the first slot of the plurality of subframes with a first
repetition frequency; and

transmitting the CUS1 reference signal compnises pertodically transmitting the
CSI reference signal inn the second slot of two or more of the subframes with a second
repetition frequency different from the first repetition frequency.
23, The method of claim 2! wherem transmitting the CSI reference signal
comprises transmitting multiple CSI reference signals over a set of two or more

multiple antenna ports incloding the {irst antenna port.
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24, The method of claim 21 whersin the svachronization signal comprises a

secondary synchronization sigmal,

25 The method of claim 21 further comprising fransmitting a control signal
including configuration information for the CS1 reference signal to the user terminal on

a downlink broadcast channel

26, A base station {20} m an Orthogonal Frequency Division Multiplexing (OFDM)
system, said base station comprising:

a transcelver circuit {22) configured to communicate with a user terminal over a
wireless communicate channel: and

a control circuil (24} providing reference signals for transtmssion to the user
terminal via the transcetver circuit, said control circuit being configured to

transmit a synchronization signal m a first slot of one or more subframes:

transmit a CSI reference signal in a second slot of one or more of the same
subframes nsed for the transmission of the syonchronization signal; and

transmit the CSI reference signal and the synchronization signal over the same

antenna port.

37, The base station of claim 26 wherein the control circuit is further configured to:
pertodically transmit the synchronization signal m the first slot with a first
repetition frequency; and
periodically transmit the CS] reference signal in the second slot with a second

repetition frequency different from the first repetition frequency.

28, The base station of claim 26 wherein the contrel cixcwt 15 further configured to:
transmit the synchronization signal from a first antenna port; and
transmit nultiple CS1 reference signals a set or two or more muitiple antenna

ports incloding the first antenna port.

29, The base statton of claim 26 wherein the synchronization signal comprises a

secondary synchronization signal.
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30, The base station of claim 26 wherein the control cireuit is further configurad to
transmit g contrel signal including configuration information for the CSI reference

pes)

signal Lo the user texminal on a downlink broadeast channel.

31, A method (200} of synclwonization i an Orthogoval Frequency Division
Muluplexing (OFDM) systemy, satd method characterized by:

receiving {260} a synchronization signal that is transmitted over a first antenna
port in a first slot of a plurality of subframes;

receiving {270) a CSI reference signal that 1s transmitted over the first antenna
port in a second slot of one or more of the plurality of subframes used for the
transimission of the synchronization signal; and

svachromizing {280} with the OFDM svstem using the CSI reference signal and

synchronization signal.

32, 'The method of claim 31 further wherein:

receiving the synchromzation signal comprises periodically receiving the
synchronization signal in the first slot with a first repetition frequency; and

recetving the CSI reference signal comprises periodically receiving the €SI
reference signal in the second slot with a second repetition frequency different from the

first repetition frequency.

33, The method of claimy 31 wherein receiving the CS1 reference signal comprises
recelving muitiple CS1 reference signals that were transmitted over a set or two or more

multiple antenna ports including the first antenna port.

34, The method of claim 31 wherein the synchronization signal comprises a
secondary synchronization signal.

35, The method of claim 31 finther comprising receiving a control signal meluding
configuration information for the CSI reference signal over a downlink broadcast

channel.
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360 A user terminal (40} in an Orthogonal Frequency Division Multiplexing
{OFDM} svsteny, said base station comprising

a transceiver (42} circwit configured to communicate with a base station over a
wireless communicate channel; and

a control circuit (44) for synchromizing with the OFDM svstem, said control
circuit being configured to:

receive a synchronization signal that is transmitted in a first slot of a plurality of
subirames over a first antenna port;

recefve a USI reference signal that is transmitted in a second slot of one or more
of the plurality of sabframes over the first antenma port; and

svachronize with the OFDM system using the TSI reference signal and

synchromization signal.

37.  The user termunal of claim 36 wherein the control cirenit is further configured

pertodically receive the synchromzation signal i the first slot with a first
repetition frequency; and
periodically recetve the CSI reterence signal in the second slot with a second

repetition frequency different from the first repetition frequency.

T

8. The user ternunal of claim 36 wherein the contrel circuit is further configured
1o

receive a fust set of synchronization signals in the first slot of one or more
subframes over a first set of first antenna ports; and
receive the CSI reference signal in the second slot of one or more of the same

subframes from one of said antenna ports in said Hrst set of antenna ports.

39, The user terminal of claim 36 wherein the synchronization signal comprises a

secondary synchronization signal,
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40, The user terminal of claim 36 wherein the contrel cireuit is further configured to
receive a contrel signal including configuration information for the €SI reference

signal over a downlink broadeast channel.

41, A method (300) of gansmitting reference signals m an Ovthogonal Frequency
Diviston Multiplexing (OFDM) system for synchronizing with a periodic radio frame
comprising a plorality of subirames, wherein each of the subframes conyprises a
phurality of slots, said method characterized by:

Transmitting (310} a primary synchronization signal in a first subframe of a
frame and a second subframe of the frame;

transinitting {320} a Hrst secondary synchromzation signal m a first slot of the
first subframe over a first antenna port; and

transmitting (330} a second secondary svnchronization signal in a second slot of

the first subframe over the first antenna port

42 The method of claim 41, wherein:

the primary synchronization signal indicates a physical layer cell identity
associated with g base station; and

the first secondary synchropization sequence and the second secondary

synchromzation signal mdicate a cell identity group associated with the base station.

43, The method of claim 41, wherein transmitting the first and the second
secondary synchronization signal comprises transmitting the fust and the second
secondary synchronization signal on a plurabity of resource blocks that are contiguous

1 the frequency domain.

44, The method of claim 4! wherein transntting the second secondary
synchronization signal comprises transmitting the second synchronization signal in the

tast symbol of the second slot.

45, The method of claim 41 further comprising periodically transmutting the first

and second secondary synchronization signals with the same repetition frequency.
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46, The method of claim 41 further comprising periodically tansmitting the first

and second secondary synchronization signals with different repetition frequencies.

47, A base station {20} in an Orthogonal Frequency Division Mudtiplexing (OFDM}
systern, said base station comprising:

a transcelver (22) circult configured to commuicate with & user terounal pver &
wireless communicste channel; and

a control circuit (24} providing reference signals for transmisston to the user
ternuinal via the transceiver circuit, said control circuit being configured to:

transmit a primary synchronization signal in a first subframe of a frame and a
second subframe of a frame;

transmit a first secondary synchronization signal in a first slot of the first
subframe over a first antenna port;

transmit a second secondary synchromization signal 19 a second slot of the first
subframe over the first antenna port; and

transmit the first secondary synchronization signal and the second secondary

synchronization signal on the same antenna post.

48, The base station of claim 47 wheremn the control circuit is configured to;
transinit the first synchronization signal in the fivst slot; and

transoit the second synchrontzation signal i the last symbol of the second slot;

49, The bhase station of claim 47 wherein the control circuit i3 configured to
periodically transmit the first and second synchromization signals with the same

repetition frequency.

50. The base station of claim 47 wherein the control cwcont is configured 1o
periodically transmit the first and second synchronization signals with different

repetition frequencies.

5. A method (350) of synchronizing, in an Orthogonal Frequency Division

Muluplexmg (OFDM) system, with a pertodic radio frame comprising a plorality of
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29.

subframes, wherein each of the subframes comprises a plurality of slots, said method
COMPrISing:

The method characterized by receiving (360} a primary synchromzation signal
that is transoutted In a first subframe of a frame and a second subframe of the frame;

recetving (370} a first secondary synchronization signal that is tansmitted by a
first antenna port in & first slot of the first subframe;

receiving {380} a second secondary synchromization signal that is transmtted by
the first antenna port in a second slot of the first subframe; and

synchronizing (390} with the OFDM svstem using the prinzary synchronization,
the first secondary svnchronization signal, and the second secondary synchrontzation

signal.

145
J

The method of claim 51, wherein:

the pramary synchromization signal further indicates a physical laver cell identity
assoctated with a base station; and

the first secondary synchronization sequence and the second secondary

synchronization signal further indicate a cell identity group associated with the base

station.
53, The methoed of claim 51, wheram receiving the fivst and the second secondary

synchromization signal comprises receiving the first and the second secondary
synchronization signal on a plurality of resource blocks that are contiguous m the

frequency domain.

54, The method of clamm 351 wheretn recetving the second secondary
synchronization signal comprises receiving the second secondary synchronization

signal m the last symbol of the second slot.

5SS, The method of claim 31 further comprising pentodically receiving the first and

second secondary synchronization signals with the same repetition frequency.
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56, The method of claim §1 further comprising penodically receiving the first and

second secondary svachronization signals with different repetition frequencies.

57, A user termipal (40 In an Onthogonal Frequency Division Multiplexing
{OFDM) system, said user termuinal comprising:

a trapsceiver circuit (423 configured to communicate with a base station over a
wireless communicste channel; and

a control circuit (44} for synchronizing with the OFDM system, said control
circuit being configared to

receive a primary synchronization signal that is transmitted in a first subframe
of a frame and a second subframe of the frame;

receive a first secondary synchronization signal transmitted over a first antenna
port in a first slot of the first subframe;

receive a second secondary synchronization signal transmtted over the first
antenna port in a second slot of the first subframe;

and

synchronize with the OFDM systent using the first and second synchronization

signals.

58 The user terminal of ¢laim 37 wherein the control circuit is configured to:
receive the first synchromization signal in the first slot; and
recetve the second set of synchronization signal in the last synibol of the second

slot.

S8, The user terminal of clam 37 wherein the control circuit s configwed to
periodically receive the fisst and second synchronmization signals with the same

repetition frequency.

6. The wser terminal of claim 37 wheremn the control cirawt is configured to
periodically receive the first and second secondary synchronization signals with

different repetition frequencies.



