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IMPLEMENTING MULTI USER MULTIPLE
INPUT MULTIPLE OUTPUT (MU MIMO)
BASE STATION USING SINGLE-USER (SU)
MIMO CO-LOCATED BASE STATIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation application of U.S.
patent application Ser. No. 14/172,500, filed on Feb. 4, 2014,
which 1s a continuation-in-part application of U.S. patent
application Ser. No. 13/888,057, filed on May 6, 2013, which
claims benefit of U.S. Provisional Patent Application Nos.
61/762,486, filed on Feb. 8, 2013 and 61/811,751, filed on
Apr. 14, 2013; U.S. patent application Ser. No. 14/172,500
turther claims benefit of U.S. Provisional Patent Application
Nos. 61/845,270, filed on Jul. 11, 2013 and 61/898,817, filed
onNov. 1, 2013, all of which are incorporated 1n their entirety
herein by reference.

FIELD OF THE INVENTION

The present invention relates generally to multi user mul-
tiple input multiple outputs (MU MIMO) base stations, and

more specifically, such base stations which are implementing,
MU MIMO using time division duplex (TDD).

BACKGROUND OF THE INVENTION

Prior to setting forth a short discussion of the related art, 1t
may be helpful to set forth definitions of certain terms that
will be used hereinatter.

The term “Small Cell” as used herein 1s defined as a low-
powered radio access node, or base station that operates in
licensed spectrum that have a range of 10 meters to 1 or 2
kilometers, compared to a mobile macrocell which might
have arange of a few tens of kilometers. Small cells are a vital
element to 3G/4G data off-loading, and many mobile network
operators see small cells as vital to managing Long Term
Evolution (LTE) advanced spectrum more efficiently com-
pared to using just macrocells. The primary use of small cells
1s to 1ncrease capacity of the traffic for the operators rather
than increase the mere coverage of the network.

The term “multiple-input-multiple-output” or “MIMO” as
used herein, 1s defined as the use of multiple antennas at both
the transmitter and receiver. MIMO systems may improve
communication performance by offering significant
increases 1in data throughput and link range without additional
bandwidth or increased transmit power. MIMO systems may
achieve this goal by spreading the transmit power over mul-
tiple antennas to achieve spatial multiplexing that improves
the spectral efficiency (more bits per second per frequency
range or hertz (Hz) of bandwidth) or to achueve a diversity
gain that improves the link reliability (e.g. reduced fading), or
increased antenna directivity.

The term “multi-user multiple-input-multiple-output™ or
“MU-MIMO” as used herein 1s defined as a wireless commu-
nication system in which available antennas are spread over a
multitude of independent access points and independent radio
terminals—each having one or multiple antennas. In contrast,
single-user MIMO considers a single multi-antenna transmit-
ter communicating with a single multi-antenna receiver. To
enhance the communication capabilities of all terminals,
MU-MIMO applies an extended version of space-division
multiple access (SDMA) to allow multiple transmitters to
send separate signals and multiple receivers to receive sepa-
rate signals simultaneously 1n the same frequency band.
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The term “Time-division duplexing” or “TDD” as used
herein 1s defined as 1s the application of time-division multi-

plexing to separate outward and return signals. It emulates
full duplex communication over a halt-duplex communica-
tion link. Time-division duplexing has a strong advantage in
the case where there 1s asymmetry of the uplink and downlink
data rates. As the amount of uplink data increases, more
communication capacity can be dynamically allocated, and
as the traffic load becomes lighter, capacity can be taken
away. The same applies in the downlink direction. For radio
systems that aren’t moving quickly, hereinatter referred to as
“quasi-static” stations, another advantage 1s that the uplink
and downlink radio paths are likely to be very similar. This
means that techniques such as beamforming work well with
1DD systems.

In some MU-MIMO that are already known 1n the art, a
spatial separation mechanism creates multiple separated
channels between the base station and the users or the same
spectrum; sub sets of users population are assigned to these
different spatial channels; a common basestation scheduler
makes sure that simultaneous users that may experience MU-
MIMO’s self-inflicted cross talk, are served over non over-
lapping PRBs, thus maintaining etficient spectrum multiplex-
ing.

According to prior art MU-MIMO systems, the aggregated
data rate of an N-user MIMO 1s slightly below N times the
data rate of a Single-User-MIMO (SU-MIMO), due to ran-
dom distribution of the users, channel estimation errors,
mobility, and the projected signal levels dependence on pair-
ing of users, which impacts MCS estimation accuracy. Such
MU-MIMO base stations serve as N unified legacy base sta-
tions, sharing common channel estimation and common
MIMO processing blocks, as well as common Radio
Resources Control (RRC) and a common scheduler.

FIG. 1A 1s ablock diagram of a system 100 and illustrating
the function stacks of single-user MIMO system according to
the prior art. FIG. 1B 1s a block diagram illustrating the
function stacks of a multi-user MIMO system, according to
the prior art. For SU-MIMO, system 100 may include: higher
media access control (MAC) 110 may perform scheduling for
the MIMO operation; lower MAC 120 which may handle (for
example, multiplex, de-multiplex, modulation, and demodu-
lation) the multiple data streams for the MIMO; pre-coding
function 130 which may transmit each of the multiple data
streams through the multiple transmit antennas according the
pre-coding weight.

In order to upgrade the SU-MIMO system mnto a MU-
MIMO system, one may modify the scheduler in higher MAC
110 to a new higher MAC 160 of system 150 to coordinate the
multiple users. Additionally, one may multiply the data han-
dling function 1n lower MAC 120 to newer lower MAC 170,
of system 150, to accommodate more users simultaneously.
Furthermore, one may modily the pre-coding function 130 to
the newer one 180 as 1n system 150 so that each data stream
from all MU-MIMO users may transmit through all the trans-
mit antennas simultaneously.

SUMMARY OF THE INVENTION

The present invention, in embodiments thereof, may pro-
vide a system and method which may implement multi user
multiple inputs multiple outputs (MU MIMO) base station
using single-user (SU) MIMO co-located base stations.
Embodiments of the system of the present invention may
include a number N co-located single-user multiple 1nput
multiple output (SU-MIMO) bases stations each having a

number K MIMO rank, wherein said N co-located SU-MIMO
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base stations are configured to share a common antennas
array, operating over a common frequency band; a front-end

MIMO processor connected to said N co-located SU-MIMO

base stations and further coupleable to said common antennas
array; and a back-end coordinator configured to collabora-
tively assist 1n optimizing operation of said N co-located
SU-MIMO base stations, such that said N co-located SU-
MIMO base stations and said front-end MIMO processor
collaboratively implement a multi-user multiple input mul-
tiple output (MU-MIMO) base station capable of or config-
ured to dynamically (1.e., over time) separating a coverage
area (being a portion of space which 1s covered by the com-
munication service of a base station) into N*K spatial chan-
nels. The spatial separation 1s achieved by using the data from
cach SU-MIMO base station for making educated requests to
them for a better coordination between them.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter regarded as the invention 1s particularly
pointed out and distinctly claimed 1n the concluding portion
of the specification. The invention, however, both as to orga-
nization and method of operation, together with objects, fea-
tures, and advantages thereof, may best be more fully under-
stood by reference to the following detailed description when
read with the accompanying drawings 1n which:

FIGS. 1A and 1B are SU-MIMO and MU-MIMO respec-
tively according to the prior art;

FIG. 2 depicts the function and architecture of a MU-
MIMO implementation using a front end processor, a coor-
dinator, and 4 SU-MIMO baseband units 1n accordance with
some embodiments of the present invention;

FIG. 3 depicts another aspect a MU-MIMO 1implementa-
tion using a front end processor, and four SU-MIMO base-
band units 1n accordance with some embodiments of the
present mnvention;

FIG. 4 illustrates a TDD MU-MIMO base station that
includes N co-located k ranked SU-MIMO basebands 1n
accordance with some embodiments of the present invention;

FIG. § depicts the function of the front end processor and
the associated signal/data flows 1n accordance with some
embodiments of the present invention;

FIG. 6 shows the simulated signal loss for the MU-MIMO
system using a zero forcing algorithm without MU-MIMO
scheduling;

FIG. 7 1s a high level flowchart 1llustrating an aspect in
accordance with some embodiments of the present invention;

FIG. 8 1s a high level flowchart illustrating another aspect
in accordance with some embodiments of the present inven-
tion; and

FIG. 9 1s a high level flowchart illustrating yet another
aspect 1 accordance with some embodiments of the present
ivention.

It will be appreciated that for simplicity and clarity of
illustration, elements shown in the figures have not necessar-
1ly been drawn to scale. For example, the dimensions of some
of the elements may be exaggerated relative to other elements
for clanty. Further, where considered appropriate, reference
numerals may be repeated among the figures to indicate cor-
responding or analogous elements.

DETAILED DESCRIPTION OF THE INVENTION

In the following description, various aspects of the present
invention will be described. For purposes of explanation,
specific configurations and details are set forth 1n order to
provide a thorough understanding of the present invention.
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However, 1t will also be apparent to one skilled 1n the art that
the present invention may be practiced without the specific
details presented herein. Furthermore, well known features
may be omitted or simplified in order not to obscure the
present invention.

Unless specifically stated otherwise, as apparent from the
following discussions, 1t 1s appreciated that throughout the
specification discussions utilizing terms such as “process-
ing,” “computing,”’ “calculating,” “determining,” or the like,
refer to the action and/or processes of a computer or comput-
ing system, or similar electronic computing device, that
manipulates and/or transforms data represented as physical,
such as electronic, quantities within the computing system’s
registers and/or memories into other data similarly repre-
sented as physical quantities within the computing system’s
memories, registers or other such information storage, trans-
mission or display devices.

The term “existing” as used herein relates to devices that
are currently available “off the shelf” and are not modified
while implemented 1n a system in accordance with embodi-
ments of the present invention. Examples are existing SU-
MIMO base stations which include existing baseband mod-
ules, existing schedulers, and existing radio circuits.

The term “collaborative™ as used herein relates a manner 1n
which several devices operate while taking into account the
actions of the other devices, possibly through a coordinator.

The term “on-site” as used herein relates to operation of a
system post deployment in the real-life environment, as
opposed to a lab or a factory.

FIG. 2 shows that the functions modification needed for a
MU-MIMO system 200 implementing the MU MIMO using
SU-MIMO systems, 1n accordance with embodiments of the
present invention. The MU-MIMO system may be carried by
front-end processor 210 and coordinator 220 and leave the
functions of the SU-MIMO systems which are co-located 1n
one block 230 with a minimal change.

The functions that may be performed by coordinator 220
are described herein The functions of the bank of co-located
SU-MIMO basebands (or base stations) 230 are those of the
SU-MIMO bases stations that are currently available. These
functions of SU-MIMO may be reused for embodiments of
the present invention of creating a MU-MIMO base station
with a minimal modification. An interconnection device 240
(for example, a local area network) may provide the intercon-
nection among front-end processor 210, coordinator 220 and
bank of co-located SU-MIMO base basebands (or base sta-
tions) 230. It should be noted that for the purpose of the
present application, co-located base stations are base stations
modules that are electronically interconnected and usually
packed on a same integrated circuit (IC) or at least same
printed circuit board (PCB). Through interconnection 240,
cach of the co-located basebands may send its scheduling
information to the coordinator 220 in advance. Front-end
processor 210 may send inseparable user equipment (UE)
(not shown) identification (ID) (e.g., those UEs having the
crosstalk exceeding a set threshold) to coordinator; coordina-
tor 220 may send the MU-MIMO re-scheduling information
to the engaged basebands (or base stations); coordinator 220
may request the engaged basebands (or base stations) to re-
schedule their users’ assigned resource blocks.

In contrast to a MU MIMO base station that necessitates
unique application specific integrated circuit (ASIC),
embodiments of the present invention 1llustrate how 1t would
be possible to build a MU MIMO base station using only
readily available components such as SU MIMO ASICs and
some logic components such as the front end processor and
the back end coordinator. Such as system may include a
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number N co-located single-user multiple input multiple out-
put (SU-MIMO) bases stations each having a number K
MIMO rank, wherein said N co-located SU-MIMO base sta-
tions are configured to share a common antennas array, oper-
ating over a common (1.€. same) frequency band; a front-end
MIMO processor connected to said N co-located SU-MIMO
base stations and further coupleable to said common antennas
array; and a back-end coordinator configured to collabora-
tively assist in optimizing operation of said N co-located
SU-MIMO base stations, such that said N co-located SU-
MIMO base stations and said front-end MIMO processor
collaboratively implement a multi-user multiple mnput mul-
tiple output (MU-MIMO) base station capable of or config-
ured to dynamically separating a coverage area into N*K
spatial channels.

FIG. 3 shows the function stack of another MU-MIMO
architecture 1n a system 300 implementing the MU MIMO 1n
accordance with embodiments of the present invention. The
MU-MIMO system 1n accordance with embodiments of the
present invention may not need the coordination (1.e., sched-
uling) among the users for the MU-MIMO operation. Exter-
nal MU-MIMO processor 310 may connect to each of the
co-located SU-MIMO basebands (or base stations), 320.
Unlike other external MU-MIMO architecture, The external
MU-MIMO architecture 1n accordance with embodiments of
the present invention does not equip coordinator to perform
scheduling for the multiple users. The non-scheduling exter-
nal MU-MIMO system may be subject to a performance loss,
depending on the MU-MIMO algorithm used.

FI1G. 4 1llustrates system 400 implementing a TDD MU-
MIMO base station that may include N co-located K ranked
SU-MIMO basebands (with at least one baseband on a base
station). Each of the N basebands 440-1, 440-2 .. . 440-N may
serve many users simultaneously with different resources
blocks (frequency channels/time slots). The individual user
may be served by one baseband up to k-ranked MIMO (1.e.,
up to k data streams). These basebands share the M antennas
410-1, 410-2, . .., 410-M and M transceiver radios 420-1,
420-2, . . ., 420-M) through a front-end processor (for
example, a Field Programmable Gate Array—FPGA) 430. M
may be larger than or equal to N*K. The front end-end pro-
cessor 430 may process the digital beam-forming (e.g., pre-
coding) to the transmit signals and process the channel esti-
mation on the received signal for all the users. Coordinator
450, interconnected with all the basebands and the front-end
processor 430, may serve scheduler functions of the MU-
MIMO operation for the co-located N basebands. The coor-
dinator may be part of the front-end processor. The intercon-
nection 470 may be served by a local area network (LAN).
Basebands may connect to the backhaul 460 through inter-
connection 470.

According to some embodiments of the present invention,
the overall system may be operable in a Time Division Duplex
(TDD) configuration, wherein each one of said N co-located
SU-MIMO base stations has an existing scheduler and
wherein said front-end MIMO processor 1s configured to
carry out said dynamic separation based on the existing
schedulers.

According to some embodiments of the present invention,
each one of said N co-located SU-MIMO base stations has an
existing radio module, wherein said front-end processor 1s
further configured to carry out on site, periodic self-calibra-
tion on transmit and receive chains of each one of said radio
modules or antennas, wherein the self-calibration 1s usable
for establishing channel reciprocity, so that uplink channel
information 1s mapped into downlink channel estimation 1n a
time division duplex (TDD) system.
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According to some embodiments of the present invention,
cach one of said N co-located SU-MIMO base stations has an
existing baseband module configured to carry out channel
estimation of the channels served by the respective
SU-MIMO base stations, and wherein said front-end proces-
sor 1s further configured to carry out channel estimation for all
the channels served by said N co-located SU-MIMO base
stations.

According to some embodiments of the present invention,
the front-end processor may be further configured to: derive
identification for each of active user equipment (UE) and map
said 1dentifications into respective channel estimations.

According to some embodiments of the present invention,
the 1dentification derivation may be based on decoding the
UE ID 1n the front end processor and the respective base
station.

According to some embodiments of the present invention,
cach of said N co-located SU-MIMO base stations has an
ex1isting baseband module configured to detect uplink Physi-
cal Resource Block (PRB), each PRB being mappable to a
distinct reference of frequency/time bins containing orthogo-
nal frequency-division multiplexing OFDM symbols at a
given transmit time interval (1T'11), wherein said front-end
processor 1s further configured to tag a channel estimation of
a user equipment (UE) based on a bin recerved from said
existing baseband modules. User equipment (“UE” or “a
UE”) may be a device such as a cellular telephone, wireless-
capable computer or laptop computer, smartphone, or other
wireless or cellular capable device.

FIG. S depicts, in greater detail functionality of system 500
and the function of the front end processor 530 and the asso-
ciated signal/data flows, according to embodiments of the
present invention. The system includes a bank of M transmait/
receive antennas 510-1 . . . 510-M. Each antenna may be
connected to one of the M radios 520. Each radio may include
up/down converter, digital-to-analog (DAC) and analog-to-
digital (ADC) converters. The system further includes front-
end processor 530. Front-end processor may perform the
self-calibration on all transmit and receive paths through the
radios and antennas 530-1. A TDD system may use the cali-
bration information to apply the channel reciprocity. For
example, the calibration information may help converting the
uplink channel estimation to the downlink channel informa-
tion. Front-end processor may retrieve the UEs’ Identification
(MAC address) and its assigned channel (resources blocks)
from the downlink baseband signals 530-2. The UEs ID and
their assigned channels are needed for performing
MU-MIMO in the case that the information 1s not passed from
baseband 1n advance. Front-end processor may perform the
channel estimation on the uplink (received) signal for all the
active UEs 530-3. Front-end processor may convert, with the
transmit/recetve path calibration data, the uplink channel
information (estimation) to the downlink channel informa-
tion 530-4. With the downlink channel information, the said
front-end processor may calculate the downlink crosstalk (or
SINR loss) among the active UEs. The said front-end proces-
sor may check if pairs of UEs are not suitable for MU-MIMO
operation (e.g., their crosstalk (or signal loss) 1s above a
pre-set threshold). Front-end processor may use, with the
downlink channel information, any MU-MIMO algorithm
(for example, zero-forcing (ZF), minimum mean square error
(MMSE), or any proprietary or other suitable algorithm) to
calculate the pre-coding weights (amplitudes and/or phases)
for all the data streams and users to minimize the crosstalk 1n
the MU-MIMO operation 530-5. The front-end processor
may apply the weights to the signals of the UEs engaged
MU-MIMO operation accordingly. Front-end processor may
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phase lock the local oscillators of all the radios to keep the
signal coherency, which may be needed for MIMO operation
530-6.

The bank of collocated baseband 540 1s also shown with
signal/data connection 580-1 . . . 580-N between the N base-
bands and the said front-end processor. Each baseband may
send the downlink baseband signal to and receive the uplink
(recetved) base band signal from the front-end processor for
each active UE.

Signal connection 590-1 . . . 590-M 1s shown between the
M radios and the front-end processor. Both uplink (received)
and downlink (transmit) signals in these connections may be
set 1n I and Q quadrature format.

Coordinator 550 may be interconnected with the front end
processor and each baseband through, for example, a local
area network 570. The coordinator may receive the scheduler
information (e.g., UEs’ ID and their assigned resource
blocks) from each baseband 540 1n advance and may obtain
the DL channel information of each active UE from the front-
end processor 530. With this information, the coordinator
may check 1f there 1s conflict (for example, the crosstalk
exceeding a certain set threshold) among the UEs scheduled
tfor MU-MIMO operation. The said coordinator may resolve
a schedule contlict by re-scheduling UEs’ assigned resource
blocks and inform the associated baseband to prepare the
baseband signals for the UEs accordingly. The coordinator
may also resolve a schedule conflict by informing the asso-
ciated baseband to re-schedule the UEs’ resource blocks. The
function of the said coordinator may be performed by the
front-end processor.

According to some embodiments of the present invention,
the front-end processor 1s configured to derive uplink channel
information relating to at least some user equipment (UE),
wherein said uplink channel estimation 1s converted to down-
link channel information by applying channel reciprocity,
and further based on calibration data.

According to some embodiments of the present invention,
a communication link established between each base sta-
tion’s baseband and the front end processor, over which
schedulers plans are transferred 1n advance, to the front end

processor, using UE ID or UE reference via binata given TT1,
where said scheduled UEs per TTI, per PRB, are processed by
the MU-MIMO mechanism

According to some embodiments of the present invention,
a front-end processor 1s configured calculate a downlink pre-
coding weights for at least some user equipment (UE),
camped on the base station using said uplink channel infor-
mation, said calibration data, and a MU-MIMO spatial mul-
tiplexing algorithm.

According to some embodiments of the present invention,
a communication link between said base stations and the front
end processor 1s used to inform 1t of a quality of service (QoS)
and the signal to interference plus noise (SINR) of each of the
scheduled UEs 1n both down and up links.

According to some embodiments of the present invention,
the MU-MIMO processing may take into account: the quality
of service (QoS) requirement and the signal to interference
plus noise (SINR) levels of the UEs to be scheduled, and
choose whether to use Zero Forcing or minimal mean square
error (MMSE) algorithms for antennae weights calculation.

According to some embodiments of the present invention,
the MU-MIMO uses Zero Forcing (ZF) whenever signal to
interference plus noise SINR levels of the user equipment
(UEs) to be scheduled are approximately at generic SINR
level, where generic means service that could have been pro-
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vided only to one UE, and the MU-MIMO processing uses
minimal mean square error (MMSE) whenever Zero Forcing
1s not used.

According to some embodiments of the present invention,
the MU-MIMO process checks quality of service (QoS) tag-
ging of the scheduled UEs, and 1f none 1s set, an MMSE
weight calculation 1s done based on a proportional fairness
approach.

According to some embodiments of the present invention,
the MU-MIMO process checks quality of service QoS of the
schedules UEs, and if all are tagged for the QoS, a minimal
mean square error (MMSE) calculation 1s performed and
prospective SINRs are compared to those required by the
various QoS, and 1f found sufficient, the weights calculation
1s actually used, and if not, one of the UE’s service 1is
degraded, so that the other QoS requirements are fulfilled, and
if not a second UEs service 1s degraded.

According to some embodiments of the present invention,
wherein the MU-MIMO process checks QoS of the schedules
UEs, and 1f some of the UEs are tagged for QoS and some
other are not, then the QoS ones take priority, and the non QoS
tagged ones are served according to a proportional fairness
approach.

According to some embodiments of the present invention,
each one of said N co-located SU-MIMO base stations has an
existing baseband module (i.e., the SU-MIMO base band
module which 1s unmodified), and wherein said a back-end
coordinator 1s further configured to receive from said front-
end-processor an information regarding poorly separated
user equipment (UEs) being UEs that are separated below a
predefined level, and notifies at least one of the existing
baseband modules to modify a schedule plan.

According to some embodiments of the present invention,
wherein each one of said N co-located SU-MIMO base sta-
tions has an existing radio module having a local oscillator,
wherein said front-end processor 1s further configured to
phase lock on all said local oscillators, 1n order to achieve
phase coherency, sufficient for beamforming.

According to some embodiments of the present invention,
the front-end processor 1s further configured to send user
equipment (UE) uplink channel information and UE 1denti-
fication to said back-end coordinator for checking and resolv-
ing conflicts occurring whenever a crosstalk level exceeds
predefined levels.

According to some embodiments of the present invention,
cach of said N co-located SU-MIMO base stations has an
existing scheduler (the SU-MIMO base scheduler which 1s
unmodified) and wherein said back-end coordinator 1s further
configured to identily poorly separated UEs and handover
one or more of them to other base station in the system, and
repeat this procedures for other poorly separated UEs, so the
occurrence of poorly separated UEs 1s minimized.

According to some embodiments of the present invention,
an 1ntervention (1.e., an action carried out by a processor or a
coordination 1n order to resolve a conflict between several
devices) 1s achieved by allowing some schedulers to proceed
as planned, while others are requested to refrain from sched-
uling a given UE for certain PRBs, over a given up and
coming Transmission Time Interval (T'TI).

According to some embodiments of the present invention,
such handover events are limited to UEs whose history 1ndi-
cated static position, where history i1s measure in tens of
seconds, and where static 1s defined as channel estimation
variation that has approximately zero mean.

According to some embodiments of the present invention,
wherein the antenna array comprises M antennas, serving N
baseband units each supporting K grade MIMO, where
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M=N*K, 1.e. the baseband population 1s sparse, thus increas-
ing the MU-MIMO degrees of freedom and promoting higher
and better spatial separation.

FIG. 6 shows 1n a pair of simulation graphs 600 that the
simulated signal loss for the non-scheduling MU-MIMO
operation using the publicly well-known algorithms, zero-
forcing, for the case 610 of antenna numbers being equal to
the supported users’ data streams (e.g., base station uses 8
antennas—4 pairs of linear polarized antennas to support 4
UEs with rank 2 MIMO) and the case 620 of antenna numbers
being twice of the supported data streams (e.g., base station
uses 16 antennas—8 pairs linear polarized antennas to sup-
port 4 UEs with rank 2 MIMO). This system simulation 1s
based on the use of 80 UE, each UE 2x2 MIMO; Sector of
90°; range of 150 m; NLOS Rayleigh 6 rays; UE quads
selected at random; 3,000 drops (runs). The simulation result
of 620 shows that 90% of the UEs (data streams) 1s subject to
less than 6.8 dB signal loss, or half of the UEs 1s subject to less
than 3.7 dB signal loss. The simulation results shows that the
signal loss may be 1nsignificant for certain systems without
MU-MIMO scheduler, compromised for simplicity. A more
complicated algorithm, like MMSE or improved proprietary
algorithm, may reduce the signal loss further.

FI1G. 7700 describes the uplink part MU-MIMO procedure
for said the front-end processor in the mnvented MU-MIMO
TDD base station. Step 710 shows that the front-end proces-
sor may perform the calibration on transmit and receive paths
of all radios/antennas and store or update the calibration data.
This processor may repeat the calibration routinely with a
pre-set timer and/or based on the temperature change and
update the calibration data, shown on step 720. Step 730
shows that the processor may channel estimate on all the
uplink signals (pilots) from each of the receive antennas and
retrieve the UE’s IDs. This information 1s then stored or
updated with the new channel estimation (every sub-frame).
With the calibration data, the processor may then convert the
uplink channel information into the downlink channel 1nfor-
mation for the TDD system, shown on Step 740. In addition,
step 750 shows that the processor may send the uplink base-
band signals to the corresponding served baseband once the
UE’s IDs are retrieved. Furthermore, step 760 shows that the
processor may calculate the pre-coding weights and crosstalk
for all the possible UE pairs using a chosen MU-MIMO
algorithm (for example, zero-forcing, MMSE, or any propri-
etary or other suitable algorithm) with the updated downlink
channel information. Step 770 shows that the processor may
inform the said coordinator the active UE’s IDs and their
crosstalk. Step 780 shows that poorly separated UEs combi-
nations may be addressed via coordinator’s initiated info to
the Basebands.

FIG. 8 1s a high level flowchart illustrating another aspect
in accordance with some embodiments of the present inven-
tion. The procedure may include the following steps: Rece1v-
ing a batch of UEs to be scheduled for DL MU-MIMO 805;
Using estimated UEs mobility history, tag (i.e., assign with an
identifier or indicator) UEs that appear static, or very slow
moving 810; Defining minmimum acceptable Signal-to-Inter-
terence-Ratio for MU-MIMO operation (M-SIR) 820; 1den-
tifying conflicted UE as pairs assigned to the same resource
blocks by different basebands, causing cross talk greater than
M-SIR, to either one or both 830; List of Scheduled UEs 1s
forward to Arbitrator by basebands 840; Is one of them static
(low mobility)? 850. In case no—send rescheduling interven-
tion request to base band 860 and 1n case yes—ignore and
send handover intervention request to baseband 870.

FIG. 9 1s a high level flowchart illustrating yet another
aspect 1n accordance with some embodiments of the present
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invention. The procedure may include the following steps:
retrieve most recent SINR and QoS for each scheduled UE
905; Calculate weights using ZF 910; comparing expected
resultant SINR to most recent SINR 915; checking whether
all scheduled UEs have QoS requirements 920; in case yes—
checking whether the expected SINR sufficient for each
required QoS 925; 1n case yes—proceed using the zero forc-
ing (ZF) solution. In case not all scheduled UEs have QoS
requirements 920—checking whether some of the UEs have
QoS requirements 1s carried out 935 in case no—Perform
Proportional Fairness MMSE weights calculation 945. In
case yes—Perform Proportional Fairness MMSE that guar-
antees QoS to those UEs that have such requirement, while
granting Proportional Fairness to the remaining UEs 940.

After checking whether the expected SINR suilicient for
cach required QoS 925, i the answer 1s no, degrade one of the
UEs DL service and recalculated ZF for less number of UEs
950 and then checking whether the expected SINR sufficient
for each of the remaiming UEs’ QoS 955. In case no, 1t will
repeatedly degrade one of the UEs DL service and recalcu-
lated ZF for less number of UEs 950 until the expected SINR
suificient for each of the remaining UEs’ QoS. When 1t does,
proceeding using the ZF solution 1s carried out 930. However,
in a case that the expected SINR 1s sufficient for each of the
remaining UEs’ QoS, proceeding using the ZF solution 1s
carried out 930.

For the case that the co-located basebands would not be
modified to communicate with the said coordinator, the said
front-end processor may perform MU-MIMO operation by
retrieving the active UE’s ID and 1ts assigned resource blocks
for a TDD system. The MU-MIMO performance may be
compromised. The simulation results 1n 610 and 620 show
that the compromise may be insignificant when the number of
the antennas/radios 1s larger than that of basebands (e.g.,
M>N).

In the above description, an embodiment 1s an example or
implementation of the invention. The various appearances of
“one embodiment”, “an embodiment” or “some embodi-
ments” do not necessarily all refer to the same embodiments.

Although various features of the invention may be
described in the context of a single embodiment, the features
may also be provided separately or 1n any suitable combina-
tion. Conversely, although the invention may be described
herein 1n the context of separate embodiments for clarity, the
invention may also be implemented 1n a single embodiment.

Embodiments of the invention may include features from
different embodiments disclosed above, and embodiments
may incorporate elements from other embodiments disclosed
above. The disclosure of elements of the invention in the
context of a specific embodiment 1s not to be taken as limiting
their used 1n the specific embodiment alone.

Furthermore, 1t 15 to be understood that the invention can be
carried out or practiced 1n various ways and that the invention
can be implemented 1n embodiments other than the ones
outlined 1n the description above.

The mmvention 1s not limited to those diagrams or to the
corresponding descriptions. For example, flow need not move
through each illustrated box or state, or 1n exactly the same
order as 1llustrated and described.

Meanings of technical and scientific terms used herein are
to be commonly understood as by one of ordinary skill in the
art to which the invention belongs, unless otherwise defined.

While the invention has been described with respect to a
limited number of embodiments, these should not be con-
strued as limitations on the scope of the invention, but rather
as exemplifications of some of the preferred embodiments.
Other possible variations, modifications, and applications are



US 9,300,378 B2

11

also within the scope of the invention. Accordingly, the scope
of the mvention should not be limited by what has thus far
been described, but by the appended claims and their legal
equivalents.

The mvention claimed 1is:

1. A system comprising;:

a number N co-located Time Division Duplex (TDD) base
stations, each having a baseband module capable of a
number K of multiple input multiple output (MIMO)
ranks, wherein said N co-located TDD base stations are
configured to share a common antenna array and a com-
mon bank of radio modules, and wherein said N co-
located TDD base stations are configured to operate over
a common frequency band;

a front-end MIMO processor connected to said N co-lo-
cated TDD base stations and further coupled to said
common antennas array; and

a back-end coordinator configured to optimize operation of
sald N co-located TDD base stations, such that said N
co-located TDD base stations and said front-end MIMO
processor implement a multi-user multiple mput mul-
tiple output (MU-MIMO) base station capable of
dynamically separating a coverage area into N*K spatial
channels.

2. The system according to claim 1, wherein each of saiad N
co-located TDD base stations has a scheduler and wherein
said front-end MIMO processor 1s configured to carry out
said dynamic separation based on said existing schedulers.

3. The system according to claim 1, wherein said front-end
processor 1s further configured to carry out on-site, periodic
self-calibration on transmit and receive chains of each of said
radio modules or antennas, and to establish channel reciproc-
ity based on results of said seli-calibration, so that uplink
channel information 1s mapped into downlink channel esti-
mation.

4. The system according to claim 3, wherein said front-end
processor 1s further configured to calculate a downlink pre-
coding weights for at least some user equipment (UE),
camped on the base station using said uplink channel 1nfor-
mation, said calibration data, and a MU-MIMO spatial mul-
tiplexing algorithm.

5. The system according to claim 1, wherein each of saiad N
co-located TDD base stations comprises an existing baseband
module configured to carry out channel estimation of the
channels served by the respective TDD base stations, and
wherein said front-end processor 1s further configured to
carry out channel estimation for all the channels served by
said N co-located TDD base stations.

6. The system according to claim 1, wherein said front-end
processor 1s further configured to: derive identification for
each of active user equipment (UE) and map said identifica-
tions 1nto respective channel estimations.

7. The system according to claim 6, where the said identi-
fication derivation 1s based on decoding the UE ID 1n the front
end processor and 1n the respective base station.

8. The system according to claim 1, wherein each of saiad N
co-located TDD base stations has an existing baseband mod-
ule configured to detect uplink Physical Resource Block
(PRB), each PRB being mappable to a distinct reference of
frequency/time bins contaiming OFDM symbols at a given
TTI, wherein said front-end processor 1s further configured to
tag a channel estimation of a user equipment (UE) based on a
bin recerved from said existing baseband modules.

9. The system according to claim 1, wherein said front-end
processor 1s further configured to derive uplink channel infor-
mation relating to at least some user equipment (UE), wherein
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said uplink channel estimation 1s converted to downlink chan-
nel information by applying channel reciprocity, and turther
based on calibration data.

10. The system according to claim 1, wherein a communi-
cation link established between each base station’s baseband
and the front end processor, over which schedulers plans are
transferred 1n advance, to the front end processor, and to the

coordinator, using UE ID or UE reference via bin at a given
TTI, where said scheduled UEs per TTI, per PRB, are pro-

cessed by the MU-MIMO mechanism.

11. The system according to claim 1, wherein a communi-
cation link between said base stations and the front end pro-
cessor 1s used to inform 1t of a quality of service (QoS) and the
signal to interference plus noise (SINR) of each of the sched-
uled UEs 1n both down and up links.

12. The system according to claim 1, wherein the MU-
MIMO processing takes into account: the quality of service
(QoS) and the signal to interference plus noise (SINR) levels
of the UFEs to be scheduled, and chooses whether to use Zero
Forcing or minimal mean square error (MMSE) algorithms
for antennae weights calculation.

13. The system according to claim 1, wherein the MU-
MIMO uses Zero Forcing whenever signal to interference
plus noise SINR levels of the user equipment (UEs) to be
scheduled are approximately at generic SINR level, where
generic means service that could have been provided solely to
one UE.

14. The system according to claim 1, where the
MU-MIMO process checks quality of service (QoS) tagging
of the scheduled UEs, and if none 1s set, an MMSE weight
calculation 1s done based on a proportional fairness approach.

15. The system according to claim 1, wherein the MU-
MIMO process checks quality of service QoS of the sched-
ules UEs, and 11 all are tagged for the QoS, a minimal mean
square error (MMSE) calculation 1s performed and prospec-
tive SINRs are compared to those required by the various
QoS, and 1f found suflicient, the weights calculation 1s actu-
ally used, and if not, one of the UE’s service 1s degraded, so
that the other QoS requirements are fulfilled, and i1f not a
second UEs service 1s degraded.

16. The system according to claim 1, wherein the MU-
MIMO process checks QoS of the schedules UEs, and 1f some
of the UEs are tagged for QoS and some other are not, then the
QoS ones take priority, and the non QoS tagged ones are
served according to a proportional fairness approach.

17. The system according to claim 1, wherein each of said
N co-located TDD base stations has an existing baseband
module, and wherein said back-end coordinator 1s further
configured to receive from said front-end-processor an infor-
mation regarding poorly separated user equipment (UEs)
being UEs that have cross talk higher than a predefined level,
and notifies at least one of the existing baseband modules to
modity a schedule plan.

18. The system according to claim 1, wherein each of said
radio modules having a local oscillator, wherein said front-
end processor 1s further configured to phase lock on all said
local oscillators, 1n order to achieve phase coherency, suifi-
cient for beamforming.

19. The system according to claim 1, wherein said front-
end processor 1s further configured to send user equipment
(UE) uplink channel information and UE identification to
said back-end coordinator for checking and resolving con-
flicts occurring whenever a crosstalk level exceeds predefined
levels by sending an intervening request to the basebands.

20. The system according to claim 19, wherein said inter-
vention 1s achieved by requesting some schedulers to proceed
as planned, while others are requested to refrain from sched-
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uling a given UE for certain PRBs, over a given up and
coming Transmission Time Interval (TTI).

21. The system according to claim 1, wherein each of said
N co-located TDD base stations has an existing scheduler and
wherein said back-end coordinator 1s further configured to
identify poorly separated UEs the are either static or have low
mobility, and handover one or more of them to other base
station 1n the system, and repeat this procedures for other
poorly separated UEs, so the occurrence of poorly separated
UEs 1s minimized.

22. The system according to claim 1, wherein the antenna
array comprises M antennas, serving N baseband units each
supporting rank-K MIMO, where M=N*K, 1.e. the baseband
population 1s sparse, thus increasing the MU-MIMO degrees
of freedom and promoting higher and better spatial separa-
tion.

23. The system according to claim 22, such handover
events are limited to UEs whose history indicated static posi-
tion, where history 1s measure 1n tens of seconds, and where
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