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recelved signals into one best uplink signal that is sent (in baseband or modulated RF) to the eNB.
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Abstract: A Long Term Evolution (LTE) Concentrator and Distributor system and method extends geographical coverage
while minimizing Evolved Node B (eNB) deployments. The system and method use a distributed array of Wide Band Receiver
Transmitter (WBRT) devices (i.e., RF Heads, RFH, mcluding antennas) connected via wide-band links to a central standard LTE
eNB through a novel LTE Concentrator-Distributor (LTE-CD) which 1s an uplink (smart optimal) concentrator and downlink simul -
cast distributor. The eNB downlink signal (baseband or modulated RF) is distributed in synchronization (simulcast) through the
LTE-CD to all WBRTSs for downlink simulcast transmission to all UEs in the coverage area. The WBRTs receive uplink signals from
user equipment, UE, devices in a coverage area, send the uplink signals (baseband or modulated RF) to the LTE-CD which optim -
ally combines all received signals into one best uplink signal that is sent (in baseband or modulated RF) to the eNB.
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LTE CONCENTRATOR AND DISTRIBUTOR SYSTEM AND METHOD FOR COVERAGE
EXTENSION

BACKGROUND OF THE INVENTION

[0001] The present disclosure relates to wireless networking systems and methods.
Long Term Evolution (LTE) 18 a standard for wircless communication of high-speed
data for mobile phones and data terminals developed by the 3™ Generation
Partnership Project (3GPP). In standard LTE systems, LTE base stations, called
cNodeB, Evolved Universal Terrestrial Radio Access (E-UTRAN) Node B, Evolved
Node B, ctc., and abbreviated as eNB, must be installed densely enough to ensure
coverage of a desired arca. In urban areas, the cost of a large number of eNBs needed
for such coverage 1s paid for based on the cellular capacity provided for a large
number of users. In future LTE systems designed for Public Safety use (PS-LTE), the
number of users (Public Safety users) i1s relatively much smaller and the cellular
capacity associated therewith 1s also much smaller such that 1t 1s not cost effective to
maintain a full coverage with a dense PS-LTE ¢NB network with large excess
capacity that comes with it, of which only a small part 1s used by the Public Safety
users. A similar problem can arise 1n commercial LTE systems covering sparsely

populated arcas such as in rural areas, international deployments, etc.

[0002] Accordingly, there 1s a need for an LTE Concentrator and Distributor system

and method for coverage extension.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0003] The accompanying figures, where like reference numerals refer to identical or
functionally similar elements throughout the separate views, together with the detailed
description below, are incorporated in and form part of the specification, and serve to
further 1llustrate embodiments of concepts that include the claimed invention, and

explain various principles and advantages of those embodiments.

[0004] FIG. 1 1s a network diagram of an LTE coverage extension system in

accordance with some embodiments.
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[0005] FIG. 2 1s a block diagram of exemplary functionality of a WBRT in the LTE
coverage extension system of FIG. 1 1n accordance with some embodiments.

[0006] Fi{s. 3 is a block diagram of exemplary functionality of the new invented LTE
Concentrator-Distributor (LTE-CD) m the LTE coverage extension system of FIG. 1
in accordance with some embodiments.

[0007] FIG. 4 1s an LTE coverage extension system with a geographical layout with
one-level voting 1n accordance with some embodiments.

[0008] FIG. 5 1s an LTE coverage extension system with a geographical layout with
hierarchical voting 1n accordance with some embodiments.

[0009] FIG. 6 1s an LTE coverage extension system with a geographical layout with
various MIMO-capable WBRTs 1n accordance with some embodiments.

[0010] FIG. 7 1s a network diagram of a backhaul system with cach WBRT connected
to the LTE-CD directly 1n accordance with some embodiments.

[0011] FIG. 8 1s a network diagram of a backhaul system with ecach WBRT utilizing
point-to-point connections over a microwave link network with one or more hops
(LTE-CD hierarchical levels) in accordance with some embodiments.

[0012] FIG. 9 1s a block diagram of LTE uplink time slots and Resource Blocks 1n
accordance with some embodiments

[0013] FIG. 10 1s a diagram describing LTE UL SC-FDMA modulation/de-

modulation 1n accordance with some embodiments.

[0014] i i1 15 3 Howchart of a method to extend coverage in Long Term

Evolution (LTE) in accordance with some embodiments,

[0015] i3 12 15 a network diagraro of an exemplary LTE coverage extension system
for coverage extension a three-sector eNB, using a one level LTE-CD hierarchy 1n

accordance with some embodiments.

[0016] FIG. 13 1s a network diagram of an exemplary LTE coverage extension system
a three-sector eNB, using a two-level LTE-CD hierarchy in accordance with some
embodiments.

38171 Fi(. 14 15 g network diagram of an exemplary eNB hotel arrangoment using

the LUTE-CDs i accordance with soroe erobodinenis.,
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[0018] Fi{s. 13 18 a network diagram of a nefwork using a micro-cell dipital unit
{bascband), the LTE-CD and the WERTs to form a three seclor macre coll m

accordance with sgme embodiments.

[0019] Fis. 16 15 g network diggrarn of the network of FIG. 15 for purposes of

~-

snnslating the LTEAUD performance o accordance with some embodiments,

[0020] Fiz. 17 15 a network diagram of the network of FIG. 13 with re-arranged areas
ot the 3 sectors {o be concendrated by the L'TE-CD, such that ¢ UE transition between
soctors causes only a standard LTE sector hand-off mstead of 8 tuning jump that

could degrade rate performance as m FHG. 13 moaccordance with some cmbodimentds.

[0021] Skilled artisans will appreciate that elements 1n the figures are illustrated for
simplicity and clarity and have not necessarily been drawn to scale. For example, the
dimensions of some of the clements 1n the figures may be exaggerated relative to
other elements to help to improve understanding of embodiments of the present

1nvention.

[0022] The apparatus and method components have been represented where
appropriate by conventional symbols in the drawings, showing only those specific
details that are pertinent to understanding the embodiments of the present invention so
as not to obscure the disclosure with details that will be readily apparent to those of

ordinary skill in the art having the benefit of the description herein.

DETAILED DESCRIPTION OF THE INVENTION
[0023] In an exemplary embodiment, a method to extend radio coverage 1n a cellular
radio telephone Long Term Evolution (LTE) system includes combining all uplink
resource block signals received from a plurality of Wide Band Receiver Transmuticr
{(WEBRT) devices mnto a single uplink sipnal, providing the singie uplink signai to an
¢NodeB (eNB), wherein the plurality of WBRT devices extend coverage of the ¢eNB
and gach WEBRT device s geographically deployed msicad of a corresponding eNB;
and providing a downlink signal from the eNB 1n simulcast to each of the plurality of

WBRT devices.
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[0024] In another exemplary embodiment a system to extend coverage in Long Term

Evolution (LTE) includes a first LTE concentrator and distributor device configured

to communicate to a plurality of Wide Band Receiver Transmitter {WERT) devices,
to other LTE concentrator and distributor devices, and to an eNodeB (eNB); wherein
the first concentrator and distributor device 1s configured to: combine all uplink
resource block signals received from the plurality of WBRT devices or the other L1E
concentrator and distributor devices into a single uplink signal, provide the single
uplink signal to the eNB, wherein the plurality of WBRT devices extend coverage of
the eNB and ecach WBRT device 18 geographically deployed mstead of a
corresponding eNB; and provide a downlink signal from the eNB 1n simulcast to cach
of the plurality of WBRT devices or the other LT concentrator and distributor
devices.

[0025] In yet another exemplary embodiment, a Long Term Evolution (LTE) network
includes a Long Term Evolution (LTE) concentrator and distributor device
communicatively coupled to an ¢eNodeB (eNB); at least one Wide Hand Receiver
Fransomttor (WEBRTY device communicatively coupled to the LTE concentrator and
distributor device; another LTE concentrator and distributor device communicatively
coupled to the LTE concentrator and distributor device; a low deiay communication
tink between the at least one WBRT device and the LTE concentrator and distributor
device; and another low delay coramumceation hink between the another LTE
concentrator and distributor device and the LTE concentrator and distributor device;
wherein the at least one WBRT device 1s deployed geographical instead of an
additional eNB thereby extending geographical coverage of the eNB 1n a Public
Safety LTE deployment or a sparsely populated commercial LTE deployment.

[0026] In various exemplary embodiments, systems and methods are disclosed for the
extension (enlargement) of the coverage arca of an LTE cellular Base Station
(eNodeB or eNB), assuming the base station capacity is sufficient for the enlarged
coverage arca. This includes expanding geographic coverage with a minimal number
of eNBs. Each LTE cellular base station (¢NodeB, ¢eNB) can have 1ts coverage arca
extended through a novel LTE Concentrator-Distributor (LTE-CD) device, or a

hicrarchy of LTE-CD devices, which connect to an array of Wide Band Receiver
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Transmitter (WBRT) devices spread in a coverage arca, covering the uplink and
downlink cellular radio communication with LTE User Equipment (UE) devices 1n
the coverage area.

[0027] FIG. 1 1s a network diagram of an LTE coverage extension system 100 1n
accordance with some embodiments. FIG. 1 illustrates one sector with a distributed
downlink and uplink antenna array for LTE coverage extension. The LTE coverage
extension system 100 includes a plurality of WBRBKRTs 118 which arc each
commmurdcatively coupled to a2 LTE-CD 128 vig a conmumcation bmk 125, 1.¢. a
widehand hok, The cororaoumication bink 125 can melude a mucrowave hnk, an optical
fiber link, or the ike. Each of the WBRTs 118 inciudes a fransmitter/receiver antonna
130, and cach of the WBRTs 114 15 deployed m a geographc arca m hien of an eNB,
Mote, the WBRTs 11{} can be referred to as Radio Heads (RHs} or the ke, The LTE-

CD (24 1s connected to an oNB 140 via g synchronization hnk 145, transmutting inks
{(Txd, T}y 158, 155, and recerving hinks {Rx1, RxZ} 168, 165, The LTE coverage
extension system 100 includes UEs 170 which are mobile stations that can be
uniformly or non-uniformly distributed throughout the LTE coverage extension
system 100. Each UE 170 can be communicatively coupled to one of the WBRTs 110
or the eNB 140.

[0028] Each WEBRT 118 1s configured to communicate with user equipment (UE);
provide an uplink signal to the LTE concentrator and distributor device; and provide a
downlink signal to the UE. Each LTE concentrator and distributor device 1s
configured to select best uplink resource block signals from the uplink signals
received from each of the plurality of WBRT devices; provide the selected best uplink
resource block signals to the ¢eNB; and provide the downlink signal from the ¢eNB 1n
stmulcast to each of the plurality of WBRT devices.

[0029] The WBRTs 110 are auxiliary Remote Radio Frequency (RF) Heads
(Downlink Transmitter and Uplink Receiver) spread 1n a coverage area to ensure the
RF coverage of an enlarged arca while minimizing eNB requirements. The WBRTs
110 can perform, 1in the uplink, frequency down conversion (from Radio Frequency,
RF, to baseband I, Q components) of the received uplink signal so it can be

transferred 1n baseband I, Q components to the LTE-CD 120, and, in the downlink,
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frequency up conversion (from baseband I, Q components to RF) of the downlink
signal arriving 1n baseband I, Q components from the LTE-CD 120.

[0030] All the WBRT 110 units are connected to the LTE-CD 120 (or hierarchy of
LTE-CDs 120) through the comununication iink 123 which 15 a high-speed, low-delay
communication link (e.g., 1-2Gb/s) that can use the Common Public Radio Interface
(CPRI) standard. The LTE-CD 120 connects to the eNB 140 through open interfaces,
¢.g., Rx/Tx antenna ports or a CPRI interface. The LTE-CD 120 (or hierarchy of
LTE-CDs 120) can include two functions: on the uplink direction, 1t selects the best
uplink LTE Resource Blocks (RBs) from cach UE 170 and feeds them to the eNB 140
and, on the downlink direction, 1t creates a simulcast transmission from the eNB 140
through all WBRTs 110.

[0031] In the downlink transmission direction from the eNB 140 to the UE 170, the
eNB downlink signal (baseband or modulated RF) 1s distributed in synchronization
(stmulcast) from the eNB 140 through the LTE-CD 120 via the communication links
125 to all the WBRTs 110 spread in the coverage arca for downlink simulcast

transmission to all UEs 170 in the coverage arca. fun the uphok transmussion direction

from the UE 178 to the eNB 144, the WEBRTs 118 spread in the coverage arga receive
upbimk signals from all UEs 170 1o the coverage arca, and send the received uphnk
signals {baseband or modulated REY to the LTE-CD 120 via the communication links
125. The LTE-CD 1Z8 aptivoally combines (concentrates) all uphok recoived signals
e one optimal best uplink received signal that 15 sent (in baschand or modulated
KEFYio the ¢NB 140 uphnk receive anicnna port or the transmit antenna port.

[0032] The LTE-CD 120 operation includes aptimal concentration {combuming) of
many LTE uplimk signals indo one optimal sipnal for presendation to the oNB 144,
The LTE-CD 120 receives, from all the WBRTs 110 (via the communication links
125), their received uplink signals and adjusts their relative delays due to the fixed
wide band links. The LTE-CD 120 decomposes all mconung reccrved uphnk LTE
signals inte thewr constituent Rosource Blocks (KB) i the frequency domamn,  This
can be done by a Dhgital Fourter Traosiorm {(BEFDY algonthm or any other
decomposttion method i the freguency domain, Next, the LTE-CDB 120 portorms a

seiection or combining of R8s,
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[0033] For the LTE Physical Uplink Shared Channel (PUSCH), the LTE-13 128 can

seicet, tor cach BB, the best received copy arnong all the WERBRTS received signals,

based on received KRB power or KB signai-to-noise Ratn (SNR} or any other metric of
received signal quality, or combimng several good RBs alier adiusting thew velative
delava. For the Physical Uplink Shared Channel (PUCCH) and Physical Random
Access Channel (PRACH), the LTE-CD 120 can sum ail received BHs or sclect the
pest grouped PUCCH RBs and PRACH RBs. Subsequently, the LTE-CE 120 can
perform an outputl uphink signal reconstruction where the LTE-CD 128 optimaily
comnbines all selected or suraomed BBs of all uphnk recerved signals mito one best
updink received signal thal 15 sent {(in baschand or modulated RE} fo the oNB 140
uphink recerve antenna port, This can be done by an lnverse Digital Fourer Transiorm
{(IDET) alpornthm or any other inverse decomposition method in the frequency
domain.

[0034] The LTE-Ce 120 can also be cascaded m an LTE-CD higrarchy with the
outputs of several first level LTE-CDs (24 and outputs of additional WBRTs 110
being fed to a second level LTE-CD 1Z{} and then recursively to a third level LTE-
CD 11 and so forth —1n a hierarchical way. The optimal uplink signal from the last
single LTE-CD 120 :s5 sent {in basehand or modulated RE) to the oXNB uphnk receve
Anienng port.

[0035] The system function has been validated 1n simulations showing an increase of
the uplink coverage arca by a factor of 5.76 for a throughput rate of 240kbit/sec. In
an exemplary embodiment, the systems and methods can provide an LTE coverage
solution for public safety users or for consumer users where user density 1s expected
to be sparse thereby providing ubiquitous LTE coverage without having to deploy
sparsely used and costly eNBs. Other applications are also contemplated.
Additionally, the systems and methods seek to provide a solution that works within
the LTE standards and 1s compatible with commercial off-the-shelt (COTS) eNBs and
user equipment (UES).

[0036] FIG. 2 1s a block diagram of exemplary functionality of the WBRT 110 1n the
LTE coverage extension system 100 1n accordance with some embodiments.

Conceptually, the WBRTs 110 can be viewed as eNB repeaters which provide eNB
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coverage without the full complement of eNB equipment. The WBRT 110 1ncludes
the transmmiter/recoiver anteona 130 which 18 communicatively coupled to 3
transmittter/receiver dupdexer 214, The transmufter/recciver duplexer 218 allows
bidirectional communmication by the transmuticwreceiver anlenna 130 bebween a
downiink divection 220 and an uphok direction 234, In the downbimk direction 228,
the WBRT 110 recetves an LTE downlink baseband signal (in-phase (I) and
quadrature (Q)) from the eNB 140 through the LTE-CD 120, and an up converter 240
receives the baseband signal and converts 1t to RF for transmission by the
transyutter/recciver antenna 130 through the frausnutter/vecciver duplexer 210, The

A

WERT 110 works 1 the downlink direction 220 fo fransmit, in sunuicast, an ol

downlink signal winch s recarved  through the LTE-CD 120 and via the
communication imk 125 which 18 an appropriate low delay communication lnk {e.g.,
4 MECTOWave wireicss ink or an optical fiber hink),

[0037] In the uplink direction 230, the trapsmmiter/receiver antenna 130 receives an
upiink signal that is provided {o an RF fromt end low noise amphiier {LNAY 250 by
the transmutter/recerver duplexer 218, The RE front ond LNA 258 provides a filiered
upiind signal o a down converter 264 which converts the filfered uphink signal from
RE 1o bascband., The WBEBRT 110 works m the uplink direction 230 o receive the
total uphink signal present at theiwr sie and franster it o the LTE-CD 120 via the
communication huk 125, In an exemplary cvobodivaent, the WBR'T 118 uses the
same communication link 125 m both directions 220, 234, 1.¢., downhink and uphink.
[0038] Fi5. 5 1s g block diagram of exemplary functionality of the LTE-CD 128 1n

the LTE coverage extension system 100 in accordance with some embodiments.

The LTE-CD 120 15 commumcatively coupled to a plurahity of the WBRTs 110 cach

vig the communicaiions bink 125 and o the eNB 140, The LTE-CP 120 selects the

bost uplink signal among all the WBRTs 0 for uphink reception to the ¢eNB 144 and
i the downhbink divrection transmmis a downhnk signat from the ¢NE 140 m Sunulcast
throuch all the WBRTs 11§}, thus, giving a larger uplink and downlink RE coverage
arca to the eNB 140, FIG. 3 dlustrates the funchionality of the LTE-CD 120 from an

uphink direction. The funchionality of the LTHE-{ 120w the downlink divection {(not
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shown} imciludes stmuticasting the downlink sipnal from the eNB 140 fo ail of the
WERRTs 110,

[0039] in the uphink direction, the LTE-CD 120 includes uplink signals from cach of
the WEHRTs 110 {c.g., I and Q) which are processed through a corresponding deiay
block 314, The delay blocks 310 add a defay to the signal recetved from a
corresponding WBRT 1o better synchronize the voting/sclection and/or combining of

BBs performed by a common processing block 330, Next, each of the uphnk signals

from cach of the WBRTs 11 arc processcd by a processing biock 323, The
processing block 320 pertorms g senal to paralicl {(8/F) conversion and discrete
Fourter Transtorm {(BFT} 0 separate resource blocks {RBs) and {o measure strength
and/or signal-to-noise ratio (SGNE} of cach of the RBs.  Qutputs of each of the
processing blocks 32( are provided to the common processing block 330, The
commrnon processing block 330 performs a voling or seicction function on all of the
REBs received from cach of the WBRTs 11 and, for each RB, the commaon processing
biock 330 selects g best KB from all recoiving WBRTs, The comamon processing
lock 330 provides an cutput 1o a processing block 340 that performos an mnverse DET
and parailel to seral (¥/8}) conversion before providing a signal to the eNB 144, 1.¢,,
45 baschand wputs 1wto aniennas on the eMB 140, The processing bloeks 324, 334,
344 all recerve sub-frame synchronization 3584 by a Common Public Radio Interface
(CPRI) from the eNB 140. A Random Access Channel (RACH) time/frequency 1s
found by configuration or by monitoring the downlink System Information Block
(SIB).

[0040] The LTE-CD 120 can be vigwed as an LHE Comparator {Voter) that performs,
i the uplink reception divection, a decomposition of the recarved uphink LTE signal
from cach WBRT 118 wmto the difterent Resource Blocks (KRB} and then a smart
seiection of the Resource Blocks of the different uplink channels: PUSCH, PUCCH

anid PRACH, The PRACH and PUCCH RBs {whose location can be derived from

monitoring the oNB downlink Svstemn  Information Block, 5IB, broadcasty are
sumaned up without sclechion and sent {o the ¢NB 1440 for detection. This mereases

the background noise but detection s sill very good due to the high SNR after

correlation of the dadoti-Chu sequences.
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83411 The PRACH uming 18 determined by the oNB 144, such as according to the
strongest PRACH correlation peak.,  The PUNCH BB signals undergo a smard
sclection aigorithm over all received Up-Link (1L Resource Blocks (RB} signals
arviving from the difterent rerpote WERT 110 umits, deciding which RB goes o
whtch of the multiple eNB receive antenna feeds. The selection could be based on
signial strength or best Signal-to-Noise-and-Interference Ratio, SNIR, measured on the
first symbol m the KRB, Changes m the selection of the WEBR'ET 110 tor a particular RB
aocur on different UL KBs (Uphink Resource Blocksy, the LTE-CD smart sclection

aiporithm could avord unnecessary changes i seicction that could cause degradation
1w throughput due o phase and time delay discontimuiies,

8421 The LTE-CD 120 18 much less complex and less costly than a fult LTE
receiver, Le., acting just as a “smart LTE comparator”’ that foeds the best KBS o the
mrualtiple oNB uplink receive antenna feeds. For exampie, a sampling rate of ¢ FHMHz
LR baseband signal 1, {3 components s about Zx153.36MHz = 30.72MHz, 10
bits/sample, would require a budirectional communication rate of 307 ZMbit/scec
{(Z2X1535Mbit/sec., e, an OOC-3 or STM-1 microwave link}d, 16 buis/sample, would
require a bidirectional communication rate of 491.52Mbit/sec, ctc. The maximum
cnd-to-end delay s assumed {0 be less than 667usee (the ¢NB 1480 can support Uphink
Tunmg Advance of 100kro distance)  Advaniageously, this 18 achievable m an
exemplary realization of the LTE coverage extension system 100.

H3043] The appropriate LTE Circular Prefix {(CP) format for the LTE coverage
extension system 100 system is the longest CF tormat that allows more oMNB receiver

tolerance to delavs mirodaced m the system 106 by the commurucation hinks 1235
otween the WBRTs 110 and LTE-CD 128 and the LTE-CD Comparator processing.

The uplink power contrel could be set to a low mitial vaiuc o the UE TX power duc
to the proxunity of the WBR s 110 wo the Ulls 178, Neighbor cell U wterference i3
cxpected o be statistically small since the number of Uls 17{ 15 small and they are
spread over a iarge arca as expected w a public sakety LTE system ov 8 rural LTE
commercial sysiem.  In the case of a Public safety emergeney cvent i a ¢cell of a
parfrcular WERT 1146, there wili be more calls and voore UEs 170 m that WEBRT 110
cetl and that WEBRT 110 would be selected by the LTE-CD 120
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8844 FIGh. 4 ~ 6 are notwork diagrams showing geographical relationships of the
vanious components 1 the LTE coverage extension system 100 in accordance with
some¢ embodiments. FIG. 4 1s an LTE coverage extension system 400 with a
geographical layout with one-level voting. The LTE coverage extension system 400
includes a plurality of cells 410, specifically 21 of the cells 410 include a WBRT 110.
FIGS. 4 — 6, for illustration purposes, focus on the downlink portion of the LTE
coverage extension system 400, thus the WBRTs 110 are 1llustrated as WBRS 1n
FIGS. 4 — 6. In an exemplary embodiment, a cell radius of the cells 410 may be
slightly larger than a cell radius of a cell with the eNB 140, for example a ratio of
about 1/1.23 between the cell radiuses. In FIG. 4, the eNB 140 1s centrally located
with a smgle LTE-CD 120 connected thereto and with ecach of the WBRTs 110
connected to the LTE-CD 120 via the communication link 125 (which can be, ¢.g., a

microwave link).

[0045] FIG. 5 1s an LTE coverage extension system 500 with a geographical layout
with hierarchical voting. Specifically, the LTE coverage extension system 500 has a
similar geographical layout as the LTE coverage extension system 400, namely a
plurality of cells 410 (e.g., 21) with each cell 410 including a WBRT 110. The LTE
coverage extension system 500 includes four LTE-CD 120 1n a hierarchical fashion.
That is, there are three 1% level LTE-CDs 120 distributed, one for each of seven cells
410, which communicate to seven WBRTs 110 via the communication links 125, and
a central 2" level LTE-CD 120 located with the eNB 140 which communicates to
cach of the three distributed LTE-CDs 120 such as via one of the communication
links 125. In this exemplary embodiment, the three distributed LTE-CDs 120 perform
a first level of voting, and the central LTE-CD 120 performs a second level of voting.
The hierarchical local voting scheme has a lower maximum length and lower average
length of the needed communication links 125, thus increasing the links 125

reliability and reducing their cost.

[0046] FIG. 6 1s an LTE coverage extension system 600 with a geographical layout
with various Multiple-Input/Multiple-Output (MIMO)-capable WBRTs 110.

Specifically, FIG. 6 does not illustrate LTE-CD 120 placement, and the LTE coverage

extension system 600 can operate with the LTE-CDs 120 1n a stmilar fashion as the
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LTE coverage extension systems 400, 500. In the LTE coverage extension system
600, the WBRTs 110 can include MIMO2 antennas, ¢.g. Tx1, Tx2, and Tx1+Tx2.
The LTE coverage extension system 600 includes an interlaced deployment for the
WBRTs 110 with different MIMOZ2 antennas. For example, in a group 610 of seven
cells 410, a center cell 410 can include an MIMO?2 antenna of Tx1+Tx2 and

surrounding cells 410 can alternate between MIMO2 antennas of Tx1 and Tx2.

[0047] FIGS. 7 and 8 arc exemplary practical implementation network diagrams of
the system and communication backhaul 1n the LTE coverage extension system in
accordance with some embodiments. FIG. 7 18 an implementation network diagram
of a LTE coverage extension and backhaul system 700 in an exemplary embodiment
with each WBRT 110 connected to the LTE-CD 120 directly. The backhaul system
700 1s a baseband backhaul system and can include a plurality of WBRTs 110 which
include RF equipment 710 providing connectivity to the UEs 170. The WBRT 110
can include or be connected to radio equipment (RE) 720 which connects to the RF
equipment 710 and acts as a CPRI slave to a radio equipment control (REC) gateway
unit (GU) 730. The REC-GU 730 acts as a CPRI master, and the RE 720 and/or the
REC-GU 730 can be commercial-oft-the-shelf (COTS) products. The REC-GU 730
can form the communication link 125 with the LTE-CD 120. In this exemplary
embodiment, the communication link 125 includes a point-to-point (P2P) gigabait
Ethernet (GbE) link over a backhaul network 750 although other implementations are
also contemplated. Each of the WBRTs 110 can include similar equipment to form

their corresponding communication link 1235.

[0048] The communication links 125 connect the WBRTs 110 to the LTE-CD 120.
The LTE-CD 120 can also be connected to RE 740 associated with the eNB 140 with
a CPRI link therebetween. The LTE-CD 120 can include the REC-GU 730, a RE-GU,
and a voting-simulcast GU (LTE-CD) ecach of which connects to the various
communication links 125 from the connected WBRTs 110. The three components, the
REC-GU 730, the RE-GU, and the voting-simulcast GU (LTE-CD) can be
implemented together in a same platform on the same hardware with software
configured thereon to perform associated functions. As described herein, the voting-

stmulcast GU can perform the voting functionality in the uplink direction between the
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LTE-CD 120 and the¢ WBRTs 110 and the simulcast functionality in the downlink
direction. The three components, the REC-GU 730, the RE-GU, and the voting-
simulcast GU, connect to the eNB 140 including a CPRI link therebetween.

[0049] FIG. 8 1s a network diagram of a backhaul system 800 in an exemplary
embodiment with each WBRT 110 utilizing P2P GbE over a microwave link network
with one or more hops. Similar to the backhaul system 700, the backhaul system 800
includes one or more WBRTs 110 and the RF equipment 710, the RE 720, and the
REC-GU 730. In the backhaul system 800, the REC-GU connects to a microwave
link device 810, ¢.g. via a GbE link or the like. The microwave link device 810
connects to a corresponding microwave link device 820 at the LTE-CD 120 location.
The backhaul system 800 1s 1llustrated in a one-hop variation 830 and a two-hop (2-
level LTE-CD) variation 835. In the one-hop (1-level LTE-CD) variation 830, there
1S a single hop between the microwave link devices 810, 820, and the microwave link
device 820 connects to the three components, the REC-GU 730, the RE-GU, and the
voting-simulcast GU (LTE-CD) such as via a GbE or the like. The three components,
the REC-GU 730, the RE-GU, and the voting-simulcast GU, connect to the eNB 140
including a CPRI link therebetween.

[0050] In the two-hop (2-level LTE-CD) variation, there are two hops with additional
microwave link devices 840, 850 included. Here, the components, the voting-
simulcast GU and the RE-GU, are split. For example, the two hops include a first hop
between the microwave link devices 810, 820 and a second hop between the
microwave link devices 840, 850. The microwave link device 820 connects to the
voting-simulcast GU which 1n turn connects to the microwave link device 840, ¢.g.
via a GbE or the like. The microwave link device 850 connects to the RE-GU which
connects to the eNB 140 including a CPRI link therebetween.

[0051] FIG. 9 1s a block diagram of LTE uplink time slots and Resource Blocks in
accordance with some embodiments. The smallest resource unit 1n the time domain 1s
an SC-FDMA symbol in the uplink, and the number of symbols 1n a time slot depends
on a length of the cyclic prefix being used as a guard period between the symbols.

The smallest dimensional unit for assigning resources in the frequency domain 1s a

Resource Block with a bandwidth of 180 kHz, which corresponds to Ngc = 12
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subcarriers cach at 15 kHz offset from carrier. The uplink mclude three physical
channels — PUCCH, PUSCH, and PRACH. The PUCCH carries uplink control
information and 1s never transmitted simultancously with PUSCH data. PUCCH
conveys control information including channel quality indication (CQI), ACK/NACK
responses of the UE to the HARQ mechanism, and uplink scheduling requests.

[0052] Resources for the PUSCH are allocated on a sub-frame basis by a UL
scheduler. Subcarriers are allocated 1n multiples of 12 because, as stated carlier, a
Resource Block has 12 subcarriers. In turn, a Resource Block comprises multiple
Resource Elements (REs), wherein each RE 1s a subcarrier over a time slot.
Subcarriers may be hopped from sub-frame to sub-frame. The PUSCH may employ
QPSK, 16-QAM, or 64-QAM modulation. The PRACH carries the random access
prcamble and coordinates and transports random requests for service from mobile
devices. The PRACH channel transmits access requests (bursts) when a mobile device

desires to access the mobile system (call origination or paging response).

[0053] Again, the LTE-CD 120 performs 1n the uplink reception direction a
decomposition of the received uplink LTE signal from each WBRT 110 unit into the
different Resource Blocks (RB) and then a smart selection of the Resource Blocks of
the different uplink channels: PUSCH, PUCCH and PRACH. The PRACH and
PUCCH RBs (whose location can be derived from monitoring the ¢eNB downlink
System Information Block, SIB, broadcast) are summed up without selection and sent
to the eNB for detection. This increases the background noise but detection 1s still
very good thanks to the high SNR after correlation of the Zadotf-Chu sequences. The
PRACH timing 1s determined by the eNB, probably according to the strongest
PRACH correlation peak. The PUSCH RB signals undergo a smart sclection
algorithm over all received Up-Link (UL) Resource Blocks (RB) signals arriving
from the different remote WBRT 110 units, deciding which RB goes to which of the
multiple eNB receive antenna feeds. The selection would be based on signal strength
or best Signal-to-Noise-and-Interference Ratio, SNIR, measured on the first symbol 1n
the RB. Changes 1n the seclection of a WBRT 110 for a particular RB occur on
different UL RBs (Uplink Resource Blocks); the LTE-CD smart selection algorithm
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would avoid unnecessary changes in selection that could cause degradation in

throughput due to phase and delay discontinuities.

[0054] FIG. 10 1s diagram describing LTE UL SC-FDMA modulation/de-modulation
1000 1n accordance with some embodiments. The modulation/de-modulation 1000

cxplams the feassbibity of LTE uplink reception even wn the presence of phase and

e jumps due to changing the selection of a2 WEBRT 11 recoiver by the LTE-CD
120 by the operahion of the Frequency Dovpamn Bgualizer wm the LTE recawver. A
modulation portion 1005 mceludes a received bt stream 1018, a single carner
constclianon mapper 1012 that mwaps the bt stream to powmis m a constellation {o
produce a svimbol streany, a senal o paraliel {5/P) converter 1814 that converts the
symbol stream to M parallel streams of symbols, and an M-pomnt Dhscreic Fourier
Transformer (DET) 1016 and subearricr mappimg hunction 131X thal assign the
svimibols from the 5/P converter 1014 1o M orthogonal frequency domain subcarriers,
The modulation portion 1083 further mchudes an Nepownt mverse DFT 1020 that
transforms cach symbol of the M multiple parallel symbols, which symbol 1s assigned
to a frequency domain subcarrier, to a time domain signal, that 1s, that modulates the
symbols with one of N time domain subcarriers, thereby producing N parallel
modulated orthogonal time domain subcarriers and that converts the time domain
subcarriers from a parallel form to a serial form to produce an output signal, and a
cyelic prefix adder and puise shaper 1022 that appends a cyclic prefix to, and pulse

shapes, the output signal for fransmission over a channel via the BRE equproent 714,

[0055] A de-modulation portion 1030 includes the RF equipment 710 that receives
the data from the channel, a cyclic prefix remover 1032 that removes the cyclic prefix
that had been appended to the signal, an N-point DFT 1034 that converts the prefix-
less signal from a serial to a parallel form, outputting N parallel modulated subcarriers
and converts the N parallel modulated subcarriers from a time domain to N frequency
domain subcarriers, a frequency domain equalizer 1036, and an M-point inverse DFT
1038 that transforms the N multiple parallel frequency domain subcarriers to M
parallel time domain subcarriers, wherein each subcarrier of the M parallel subcarriers
1s modulated by a corresponding symbol. The de-modulation portion 1030 further

includes a parallel to serial converter 1040 that converts the M parallel time domain
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subcarriers from a parallel form to a serial form, a subcarrier detector 1042 that
demodulates the symbols, and a constellation de-mapper 1044 that maps each symbol
to a corresponding point in the constellation used by single carrier constellation
mapper 1012, thereby recovering the bits corresponding to that point, providing an
output bit stream 1050. The e¢XNE 140 performs channel cqualization prioy to the M-
pomt IDFT 1038, and the channel cgualization is based on Relerence symbols on g

per-B8 basis (n the KB the relerence symbols arg staggered 1o time/ireguency with 4

symbois/s sub carmers spacing). Accordmgly, the eNB 140 15 capable of overcoming

possible phase and delay “jomps™ that wili be encountered by the LTE-CD 124

[0056] {he longest P format can be used {0 gnsure maximum folcrance o delavs

imdroduced by the comraumication bnks 125 and the LTE-CD 120 processing. The
uphink power control could set a low value (o the Ul 170 wansmit power due to the

proximoity of the WBRT 110 to the UE 170, Neighbor ccll UE mnteriorence s

exnpected 1o be statisticatly small since the mumber of Uks 170 15 samatl and they are
spread on g large arca based on the expectod use cases of the LTE coverage extension
systems,  In the case of g Pubhlie safety erporgency ovent wm a cell of 4 particular
WERT 114, there will be more calls and more UkEs 170 m that WBRT 110 cell and
that WBRT 110 would be seiccied by the LTE-CE 128,

[0057] £, 11 15 a flowchart of a method 1100 to extend coverage 1n a Long Term
Evolution (LTE) network in gocordance with some embodiments. The mcthod 1100

contemplates operation n the vanous systems described heremn, namely a new aystem

for LTE uplink and downlink coverage oxtension, using an array of WBRT units
cormnected to an LTE eNB through a new mnovabive LTE L'TE-CE, The method 11060
18 performed by the LTE LDTE-CED 126 1, the varnious systems described herein, The
method 18 meludes combining, by the LTE-CD, all uplink resource block signals
recerved from a plurality of Wide Band Recerver Transmitier {WBRT} devices o g
single uphink signal (step 1118}, Here, the methed 1100 uses the LTE-CD 120 t©

combine of concentrate uphink resource blocks from muliiple WEBRTS so that they can

be presented to the oNB 140 as g simgle uphind sienal, That 15, the WBRTs 110 do not
pertorro LTE processing on the uplink, but rather act as coverage exienders for the

ciNB 1448,
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[0058] The method {100 includes providing, by the LTE-CD, the single uphink sipnat
to an eNodeB (eNB) (step 1120). Again, the WBRTs 110 are coverage extenders and
the eNB 140 performs all of the LTE-related processing. Using the techniques
described herein, the WBRTs 110 communicate via LTE standard compliant
techniques such that the WBRTs are transparent to the ¢eNB 140. The plurality of
WBRT devices extend coverage of the eNB and cach WEBRT device 1s geograpiucally
deploved wstead of a corresponding eNB. That 18, the method 1100 enables several
times more coverage arca with the eNB without having to deploy additional costly
¢NBs. The method 1100 further includes providing, by the LTE-CD, a downlink
signal from the ¢eNB 1n simulcast to cach of the plurality of WBRT devices (step
1130). Here, cach WBRT receives a same downlink signal for broadcast in its

gcographical arca as 1f the eNB 140 was physically present therein.

[0059] The method can further include receiving, by the LTE-CD, the uplink resource
block signals 1n baseband from each of the plurality of WBRT devices via a low delay
communication link; and transmitting, by the LTE-CD, the downlink signal in
simulcast and 1n baseband to cach of the plurality of WBRT devices via the low delay
communication link. For example, the low delay communication link can include a
microwave wireless hnk or an optical fiber link.  The method 1100 can wnchude

utilizing a long Circular Prefix (P} to accommodate delay mtroduced by the low

delay comununication tink to mamtain LTE coraphiance,

[0060] The combiming in step 11180 can mchude decomposing uplink resource block
signals from cach of the plurality of WBRT devices and performing a selection
algorithm over all decomposed uplink resource block signals from all of the plurality
of WBRT devices. The method 1§16 can further mmclude performing the selection
algorithm including selecting the best uplink resource blocks based on any of signal
strength or Signat-io-Noise-and-Intericrence Ratio measured on a first symbol 1 an
associated resource block., The combming m step 1110 can further mclude summing
Physical Random Access Channel (PRACH) and Physical Uplink Shared Channel
(PUCCH) resource blocks from cach of the plurality of WBRT devices without
selection. The method 11} can also include monitoring, by the LTE-CD, the
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downlink signal from the eNB to determine locations of the PRACH and PUCCH

resource blocks.

[0061] The combnmng m step 1118 can hurther nclude selecting, for each Physical
Uplink Shared Channel (PUSCH) resource block, a best received copy of a resource
block among all copies of the resource block received from the WBRTs based on
resource block power or signal-to-noise ratio. The method 1100 can further include
performing the combining 1n a hierarchical fashion prior to performing the providing
the simgle uplink signal to the eNB. Additionally, the method 1100 can further
include communicating, by the LTE-CD, with the eNB via Long Term Evolution
(LTE) compliant mechanisms, thereby allowing the eNB to be a commercial off-the-
shelf (COTS) system, wherein the LTE compliant mechanisms comprise one of

recerver/transmitter antenna ports or a Common Public Radio Interface (CPRI).

[0062] In other embodiments, the method 1100 can also be implemented 1n a

wireless system including a first LTE concentrator and distributor device configured

to communicate to a plurality of Wide Band Receiver Transmitter {WBRT) devices,
to other L TE concentrator and distributor devices, 4 to an eNodeB (eNB) as well as

in an LTE network.

[0063] The systerns and methods desonibed herem offer g cost-eifoctive solution for
providing large LTE coverage with a amall number of users {larger arca with low
capacity — relafively fow users) at a lower costs {(significantly lower cquipment and
operating costs).  H 1 expected that the LTE coverage exiension sysiom can bo
utihized m Public Satety LTE deployments, rural LTE deplovments, mternational LTE
deployments, efc, It 15 expected that the WBRBRT 1i0 and the LTE-CE 120 wall cost

fess than halt the costs of 2 standard LTE eNB cquipment.  Advantageously, the

WHRT 118 and the LTE-CD P20 1 mto the exasting LTE standards without requining

modification and can operate with commercial-gti-the-shell LTE ecquipment such as
the eiNBs 1440, cte. Thus, the LTE coverage extension system is compatible with any

LTE eNB vendor and any LTE User Equipmoent (UE) with no standard changes. The

proposed system interfaces with the LTE eNB 148 through the open miterface of the

eNB 148, 1.e., the By anternmas fecds or the CPRI mitertace.
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[0064] in testing of the LTE coverape oxtension system, a significant enlargement
cthicicncy of the uplink reception area (k3.8 for 7 WEBRTe) was defermoned for the
Ephink Shared Channel FUSCH using the mvented systom, for a throughput rafe
greater than 240Kkbhit/sec (hallt the arca would support oven higher rates of 500-
OGO0Knsech. This showed pood area enlargoment etficioney since 7 Omng WERTS
10 cover almost the same area as © O oNBs 140, This coverage arca enabies &
EJES sending 240kbit/sec cach all the e, The LTE coverage extension sysicms 404,
500, 600, using three sectors can cover gn arca greater by a factor of 3x5.8=17.3 (vs.
O antenna eNB area), or x17.3/1 49=11.6 vs. a three scctor eNEB area.

[0065] Simmiation results also show that the Uplink Controel Channel PUCCH
performs well (5%9% ACK detect mate) with the system in the onlarged arca of the
PUSCH, Bt 15 assumed that the Uphink Random Access {Channet PRAUH would also
performn well since 1t has a very high Signal to Nowse Ratio (SNR) atter corrclation.

For detecting the PRAUH, one would monitor the System Information Block (5IB)Y m

the eNB downlink broadcast transmission 10 find the location (KBs) of the PRAUH
anid, i reception, the LTE-CD 120 would saom up all the PRACH REB «igoals recerved
from ati WBK'Ts 11 and feed thom to the eNB 144 for detecting the PRACH, The
sumrnation would morease the background noise, but the SNR atter corrclahion with

the Z0 sequences would be high encugh for the deiection of thming,

0661 Thus, the LTE coverage extonsion systern for a seven node WBRT 110
svatem, as compared to an Owom antenna eNB, provides uphink rates greater than
240kh/sec 1 the coverage arca. For PUSCH, the L'TE coverage exicnsion svstem
extends (o oNB uplink coverage radius at rates greater than 2440kb/sec, from {km
by | Omnt antenna oNB o Z4km by seven Omm WBRTs 118 A three sector eiNB
has a coverage arca grealer by x1.48 but can support three such colarged arcas with
the WEBR'Ts giving a coverage arca gain over a factor greater than 1 times relalive o
the arca of a three seclor ¢NB. For PUCTH, a 999 ACUK. detect rate, per standard
compliant reguirements, 18 achieved for 24km radins 7 O WBRT 1iIG system,
With respect to PRACH, 1t 15 assumed that its location can be found by decoding the

e System Intormation Block (818 downlink broadceast messages and knowing the

PRACH location and sumnung all WEBRTs PEREACH signals, no probiems are
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cxpected with PRACH detection, (high SNR atter correlation). PRACH with the long
seguence format adds delay robusiness and cven roore robustuness to the divect sum
detection.

38671 For Down-Laink PDSCH, an eNB QPSK 4Tx Oy antenng has about a 20km

r
11

radiis at 240kbit/sec {24.4km for 3sector antenna), and the L'TE coverage exiension

svstem cnables g 24km radius seven Omm WEKT uphink only system {x35.76 areg vs.
Omang eNBY An olB 640AM Ty o antenna has about a 10km radms at
a00kb/sec {(12.2km for 3 sector antenna), and the LTE coverage exiension system
criablos x2.1 coverage arca for a seven WEER system.

88681 FIGS. 12 — 16 are network diagrams of various exemplary wirgiess L1TE

architectural structures that use muitiple LTE~-CDs (possibly m hierarchy) 1o exiend

oNB coverage, cnhance cMNB performance and reduce cost and complexity of LTE
coverage such as for g sparscly popuiated celiular coverage arca. Fil. 12 i3 a
network diagram of an exemplary LTE coverage extension system 1200 for coverage
extension 1n accordance with some embodiments. The LTE coverage extension
system 1200 includes an eNB communicatively coupled to three LTE-CDs 120 via
high-speed communication links 1202 (e.g., 2Gb/s). Each LTE-CD 120 services a
seven cell 410 area with a WBRT 110 contained 1n each of the cells 410 (1.¢., the
WBRT 110 1s labeled RH). The WBRTs 110 are connected to the LTE-CD 120 via
the communication link 125 (e.g., 1Gb/s).

386%] FIG. 13 1s a network diagram of an exemplary LTE coverage extension system
1300 using a two-level hierarchy 1n accordance with some embodiments. The LTE
coverage extension system 1300 includes an eNB 140 communicatively coupled to a
first tiecr of LTE-CDs 120-1 which are communicatively coupled to a second tier of
LTE-CDs 120-2. The second tier of LTE-CDs 120-2 are communicatively coupled to
various WBRTs 110 (1.c., the WBRT 110 1s labeled RH). The second tier of LTE-
CDs 120-2, 1n the cxemplary LTE coverage extension system 1300, combine three
local sector broadband signal pairs into one sector broadband signal patr. The first
tier of LTE-Cs 120-1 comabmne one local sector broadband (BB) signal pair and two

remole second tier LTE-CD 120-1 cuiput B3 sigoal paws. Accordingly, 2.33 celis
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become a8 sector from the perspective of the ¢NB 144 1n the LTE coverage extension
system 1300.

887061 The LTE-CD 120 can concentrate {combine) the uphink received signais from
several {e.g., typically 3-0) co~-located sector antennas {(1.¢., the WBRTs 118} o one

optimal uplink signal that can be sent (via wideband I_ink_g} to the eNB 140 dwectly or

through multipie level LTE-CDs for further concentration with other LTE-CD outputs
or LTE WERT ocutputs. Thus one eNB 140 plas one or multipte level LTE-Cs 128

can replace several 3-Sector oNBs mocovering the same coverage arca.  In sparscely
populated arcas, tor example, three 0 i sectors can be concentrated by a LTE-CD
and ted o0 a low cost low capacity one-secior mucre-¢NB {0 replace the expensive
cxcessively high capacity eXNB,

(38711 FI1G. 14 15 a network diagram of an oxemplary eNB hotel arrangement 14030
using the LTE-CDs 128 m accordance with some crobodiments, The oNB hoted
arrangerment 1400 18 also referred to as a cloud Radio Access Network (RANY wilh
multipie three soctor ohBs 1407 i one location. Here, soveral oMNB sectors {2.g.,

typrcaily 3-6) can be concentrated mto ope eNB sector utilizang the LTE-Cs 120,

thus reducing the number of throe sector ¢NBs 1402 10 the eNB-Hotel neaded for full
coverage, In the oxemplary eNB hotel arrangement 1400, the LTE-CIs 120 provide
a 3.1 reduction i the eNBg 1402,

872 FIG. 15 15 a network diagram of a network 1300 using the L'TE-CD 120 and

the WERTs 110 to form a three sector macre cell in accordance with some

crpboditnents, First, a network 1502 illustrates a macro eNB 1518 connected 1o three

sector anfennas 1312, In the network 1534, the LTE-CD 120 and the WBETs 110 can

provide suralar coverage as the notwork 1502 with g one sector oNB 140 {or mucro
oNB}. FIG. 16 13 a network diagram of the network 1584 for purposes of sinuudating
the LTE-CD performance 1n accordance with some ambodunents.  Simulations werg
performed using varous Ul 170 locations mn the network 1508, 1307 o compare
normal eNB/UE operation versus oNB with LTE-CD 128 operation including
measurng Throughpui, ACUK detect Rale et at cach UE location, Further, a Hata-
Okamura Path Loss model {Rural) with Log-Normal Margim (948 for 95% reliability}

was performced glong with Fadinge Channed (ETL70). Based on the {foregomg the
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LTE-CD 120 operation performs substantially  simtlar while nunimizing  oMNB
requrements,

8873 FIG. 17 18 a notwork diagram of a network 1700 for solving timing
discontimuities winde changing sectors i accordance with some embodiments. PG,
i7 15 a network diagram of the network of FIG, 13 with re-arranged areas of the 3
sectors o be concentrated by the LTE-CE, such that a UE fransition between sectors
canses only a standard L'TE sector hand-off iostead of 2 timing jump that could
degrade rate performance as 1 FIG, 13 The network 1700 mchudes multiple threo
sector roacro ceils as described wn the network 1304, In the nctwork 1780, the center
cell 1s divided into spiit sectors {(based on shading). The LTE-{CDs 120 are configured
to mterface o WBRTs 110 (e, RHs) with the same shadimg {0 enable a standard
hand-off when changing sectors withowt timing discontimuiiies,  Kx/Tx diversity is
maintained throughout the new sector and oven increased between original cell edges
within the new sector. The now wter-sector mierterence causes mtertere on all the
oripmal coll edees {avorded by Inter-Cell Interference Coordmation (ICIC). Tmme
atisets between sites are mireduced and can be nmtigated with Exiended and MNormal
Cyehic Prefix (CPy PUCCH and PRACH with a direct sum approach suffors a nise
figure degradation eguivaicnt of R.45d4B and non~-standard propagation channel (saroe

cticct as downlink simmicast). Power control behaves as normal.

[0074] In the foregoing specification, specific embodiments have been described.
However, one of ordinary skill in the art appreciates that various modifications and
changes can be made without departing from the scope of the invention as set forth 1n
the claims below. Accordingly, the specification and figures are to be regarded 1n an
illustrative rather than a restrictive sense, and all such modifications are intended to be

included within the scope of present teachings.

[0075] The benefits, advantages, solutions to problems, and any element(s) that may
causc any benefit, advantage, or solution to occur or become more pronounced are not
to be construed as a critical, required, or essential features or elements of any or all
the claims. The mmvention 1s defined solely by the appended claims including any
amendments made during the pendency of this application and all equivalents of those

claims as 1ssued.
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[0076] Morcover 1n this document, relational terms such as first and second, top and
bottom, and the like may be used solely to distinguish one entity or action from
another entity or action without necessarily requiring or implying any actual such
relationship or order between such entities or actions. The terms "comprises,"

2% e¢ 29 x4

"comprising," “has”, “having,” “includes”, “including,

2% &6 29 (44

contains”, ‘“‘containing’ or
any other variation thereof, are intended to cover a non-exclusive inclusion, such that
a process, method, article, or apparatus that comprises, has, includes, contains a list of
clements does not include only those elements but may include other elements not
expressly listed or inherent to such process, method, article, or apparatus. An element
proceeded by “comprises ...a”, “has ...a”, “includes ...a”, “contains ...a” does not,
without more constraints, preclude the existence of additional i1dentical elements in
the process, method, article, or apparatus that comprises, has, includes, contains the

¢ Y

clement. The terms “a” and “an” are defined as one or more unless explicitly stated
otherwise herein. The terms “substantially”, “essentially”, “approximately”, “about”
or any other version thercof, are defined as being close to as understood by one of
ordinary skill in the art, and 1in one non-limiting embodiment the term 1s defined to be
within 10%, in another embodiment within 5%, 1n another embodiment within 1%
and 1n another embodiment within 0.5%. The term “coupled” as used herein 1s
defined as connected, although not necessarily directly and not necessarily

4

mechanically. A device or structure that 1s “configured” 1n a certain way 18

configured 1n at least that way, but may also be configured 1in ways that are not listed.

[0077] It will be appreciated that some embodiments may be comprised of one or
more generic or specialized processors (or “processing devices”’) such as
microprocessors, digital signal processors, customized processors and field
programmable gate arrays (FPGASs) and unique stored program instructions (including
both software and firmware) that control the one or more processors to implement, in
conjunction with certain non-processor circuits, some, most, or all of the functions of
the method and/or apparatus described herein. Alternatively, some or all functions
could be implemented by a state machine that has no stored program instructions, or

in on¢ or more application specific integrated circuits (ASICs), in which each function
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or some¢ combinations of certain of the functions are implemented as custom logic.

Of course, a combination of the two approaches could be used.

[0078] For example, LTE-CD 120 preferably comprises a processor, such as on¢ or
more microprocessors, microcontrollers, digital signal processors (DSPs),
combinations therecof or such other devices known to those having ordinary skill 1n
the art. The particular operations/functions of the processor, and thus of the LTE-CD,
arc determined by an execution of software instructions and routines that are stored 1n
an at least one memory device of the LTE-CD that 1s associated with the processor,
such as random access memory (RAM), dynamic random access memory (DRAM),
and/or read only memory (ROM) or equivalents thercof, that maintains data and
programs that may be executed by processor. For example, the processor of LTE-CD
120 may implement the functionality described herein as being performed by the
LTE-CD 120, such as delay blocks 310, the processing block 320, the commmon
processing block 336, and the processing block 348 described above, based software

instructions and routines stored in the at least one memory device.

[0079] Morcover, an embodiment can be implemented as a computer-readable storage
medium having computer readable code stored thercon for programming a computer
(e.g., comprising a processor) to perform a method as described and claimed herein.
Examples of such computer-readable storage mediums include, but are not limited to,
a hard disk, a CD-ROM, an optical storage device, a magnetic storage device, a ROM
(Read Only Memory), a PROM (Programmable Read Only Memory), an EPROM
(Erasable Programmable Read Only Memory), an EEPROM (Electrically Erasable
Programmable Read Only Memory) and a Flash memory. Further, 1t 1s expected that
on¢ of ordinary skill, notwithstanding possibly significant effort and many design
choices motivated by, for example, available time, current technology, and economic
considerations, when guided by the concepts and principles disclosed herein will be
readily capable of generating such software instructions and programs and ICs with

minimal experimentation.

[0080] The Abstract of the Disclosure 1s provided to allow the reader to quickly
ascertain the nature of the technical disclosure. It 1s submitted with the understanding

that 1t will not be used to interpret or limit the scope or meaning of the claims. In
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addition, in the foregoing Detailed Description, it can be seen that various features are
orouped together 1 various embodiments for the purpose of streamlining the
disclosure. This method of disclosure 1s not to be interpreted as reflecting an
intention that the claimed embodiments require more features than are expressly
recited 1in cach claim. Rather, as the following claims reflect, inventive subject matter
lies 1n less than all features of a single disclosed embodiment. Thus the following
claims are hereby incorporated into the Detailed Description, with each claim

standing on 1ts own as a separately claimed subject matter.
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Claims
We Claim:

1. A method to extend radio coverage in a cellular radio telephone Long Term Evolution
~ (LTE) system, the method comprising; '
combining all uplink resource block signals received from a plurality of Wide Band
Receiver Transmitter (WBRT) devices into a single uplink signal, wherein combining
comprises: |
for a given user equipment (UE) and for each WBRT device of the plurality of
WBRT devices, decomposing an uplink signal received from the UE via the WBRT
device into a plurality of resource blo(:ks; .
for each same resource block of the UE that is received from all of the plurality
of WBRT devices, selecting a best resource block from among the resource blocks
received from the plurality of WBRT devices, wherein selecting comprises selo;cting,
for each Physical Uplink Shared Channel (PUSCH) resource block, a best received
copy among all received from the plurality of WBRT devices based on resource block
power oOr St gnal-to-hoise ratio;
combining the selected resource blocks into a single uphnk signal;
| providing the single uplink signal to an eNodeB (eNB); wherein the plurality of WBRT
devices extend coverage of thec eNB; and . |

providing a downlink signal from thc ¢NB In simulcast to each of the plurality of
WBRT devices.

2. The method of claim 1, further comprising:

receiving the uplink resource block signals in baseband from each of the plurality of

WBRT devices via a low delay communication link; and

transmitting the downlink signal in simulcast and in baseband to each of the plurality

of WBRT devices via the low delay communication link.
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3. The method of claim 2, further comprising:

utilizing a long Circular Prefix (CP) to accommodate delay introduced by the low delay

communication link.

4. The method of claim 1, wherein providing the signal to the eNodeB comprises:

providing the single uplink signal in baseband or a modulated radio frequency.

5. The method of claim 1, wherein selecting the best resource block comprises:
selecting the best uplink resource block based on any of signal strength or Signal-to-

Noise-and-Interference Ratio measured on a first symbol in an associated resource block.

6. The method of claim 1, further comprising; .
performing the combining comprising: ,
summing Physical Random Access Channel (PRACH) and Physical Uplink
Shared Channel (PUCCH) resource blocks from each of the plurality of WBRT devices

without selection.

7. The method of claim 6, further comprising;

monttonng the downlink signal from the eNB to determine locations of the PRACH
and PUCCH resource blocks. |

8. The method of claim 1, further comprising:
performing the combining in a hierarchical fashion prior to performing the providing

the single uplink signal to the eNB.

9. The method of claim 1, further comprising:
communicating with the eNB via Long Term Evolution (LTE) compliant mechanisms
thereby allowing the eNB to be a commercial off-the-shelf (COTS) system, wherein the LTE

compliant mechanisms comprise one of receiver or transmitter antenna ports or a Common
Public Radio Interface (CPRI).
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10.- An apparatus for extending coverage in Long Term Evolution (LTE), the abparatus
comprising:

a first LTE concentrator and distributor device configured to communicate to a
plurality of Wide B and Receiver Transmitter (WBRT) devi_ceé, other LTE concentrator and

distributor devices, and to an eNodeB (eNB), wherein the first concentrator and distributor

device comprises:

4 Processor that is configured to:

combme all uplink resource block signals. recetved from the plurallty of WBRT
devices or the other LTE concentrator and distributor devices into a single uplink
signal, wherein combining comprises:
for a given user equipment (UE) and for each WBRT device of the
plurality of WBRT devices, decomposing an uplink signal recetved from the
UE 'via the WBRT device into a plurality of resource blocks;
for each same resource block of the UE that is received from all of the
plurality of WBRT devices, selecting a best resource block from among the
resource blocks received from the plurality of WBRT devices, wherein
selecting the best resource bIOck from among the resource blocks received from
the plurality of WBRT devices comprises selecting the best resource block
based on any of signal strength or Signal-to-Noise-and-Interference “Ratio
measured on a first symbol in an associated resource block;
‘ combining the selected resource blocks into a single uplink signal;

‘provide the smgle uplink signal to the eNB, wherem the plurahty of WBR1T

devices extend coverage of the eNB; and

prov1de a downlink signal from the eNB in simulcast to each of the plurality of

WBRT devices or the other LTE concentrator and distributor devices.
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11. 'The apparatus of claim 10, further comprising:

. a plurality of LTE concentrator and distributor devices cach configured to
communicate to some of the plurality of WBRT devices and to the first concentrator and
distributor device, or to the eNB directly:

wherein the plurality of concentrator and distributor devices are configured to:

combine all uplink resource block signals received from associated WBRT devices or
the other LTE conéenﬁator and distributor devices into a single output. signal; and

provide the single dutput signal to the first concentrator and distributor device, or to
the eNB directly, wherein the first concentrator and distributor device and the plurality of
concentrator and distributor devices are configured to operate in a hierarchical manner to form

the single uplink signal.

12. The apparatus of claim 10, further comprising:
-~ a low delay communication link between each of the plurality of WBRT devices, the
other LTE concentrator and distributor devices, and the first concentrator and distributor

device, wherein the low delay communication link is utilized for receiving the uplink resource

block signals and transmitting the downlink signal by the first concentrator and distributor

device.

13. The apparatus of claim 10, wherein the processor is configured to provide the single uplink

signal to the eNB by providing the single uplink signal in baseband or a modulated radio

frequency. .
14. The apparatus of claim 10, wherein the processor is configured to sum Physical Random

Access Channel (PRACH) and Physical Uplink Shared Channel (PUCCH) resource blocks
from each of the plurality of WBRT devices or the other LTE concentrator and distributor

devices without selection.

15. The apparatus of claim 14, wherein the processor is configured to monitor the downlink
signal from the eNB to determine locations of the PRACH and PUCCH resource blocks.
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16. The apparatus of claim 10, wherein the processor is configured to communicate with the

eNB via Long Term Evolution (LTE) compliant mechanisms thereby allowing the ¢NB to be
a commercial off-thc-shelf (COTS) system, wherein the LTE compliant mechanisms comprise

one of receiver or transmitter antenna ports or a Common Public Radio Interface (CPRI).
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17. A Long Term Evolution (LTE) nctwork, comprising:
| a Long Term Evolution (LTE) concentrator and distnibutor device communicatively
coupled to an eNodeB (eNB);

a plurélity of Wide Band Receiver Transmitter (WBRT) devices communicatively
) coupled to the LTE concentrator and distributor device;
another LTE concentrator and distributor device comxﬁunicatively coupled to the LTE

a low delay communication link between the plurality of WBRT devices and the LTE

concentrator and distributor device;

concentrator and distributor device: and
another low delay communication link between the another LTE concentrator and
distributor deﬁce and the LTE concentrator and distributor device;
wherein the LTE concentrator and distributor device is configured to combine all |
uplink resource block ;ignals received from the plurality of WBRT devices and the another
LTE concenfrator and distributor device into 4 single uplink signal and wherein combining
COMPIiSES:
for a given user eQuipment (UE) and for each WBRT device of the plurality of
WBRT devices and the another LTE concentrator and distributor device, decomposing
an uplink signai received from the‘ UE via the WBRT device or the another LTE
concentrator and distributor device into a plurality of resource blocks;
for each same resource block of the UE that is received from all of the plurality
of WBRT devices and the another LTE conceﬁtr_ator and distributor device, selecting

a best resource block from among the resource blocks received from the plurality of

WBRT devices and the another LTE concentrator and distributor device, wherein
selecting the best resource block from amon g the resource blocks received from the
plurality of WBRT devices and the another LTE,concentratof and distributor device
comprises selecting the best resource bléok based on any of signal strength or Signali-

to-Noise-and-Interference Ratio measured on a first symbol in an associated resource
block;

combining the selected resource blocks into a single uplink signal;
wherein the plurality of WBRT devices extend geographical coverage of the eNB in a
Public Safety LTE deployment or a sparsely populated commercial LTE deployment.
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18. The LTE network of claim 17, wherein the at least one WBRT device is configured to:
communicate with user equipment (UE); | '
provide an uplink signal to the LTE concentrator and distﬁbutor device; and
provide a downlink signal to the UE: and |
wherein the LTE concentrator and distributor device 1s configured to: _
provide the single uplink signal to the eNB, wherein the at least one WBRT device ‘
extends coverage of the eNB and the at least one WBRT device is geographically deployed
instead of a corresponding eNB; and | ‘

provide a downlink signal from the ¢NB in simulcast to the at least one WBRT device.
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1100

COMBINING ALL UPLINK RESOURCE BLOCK
SIGNALS RECEIVED FROM A PLURALITY OF 1110
WIDE BAND RECEIVER TRANSMITTER (WBRT)
DEVICES INTO A SINGLE UPLINK SIGNAL

PROVIDING THE SINGLE UPLINK SIGNAL TO 1120
AN eNODEB (eNB)

PROVIDING A DOWNLINK SIGNAL FROM THE
eNB IN SIMULCAST TO EACH OF THE 1130
PLURALITY OF WBRT DEVICES
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