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(57) ABSTRACT 

A communication method and apparatus using analog and 
digital hybrid beam forming are provided. The method 
includes receiving a first message including a measurement 
and selection condition for hybrid beam forming from a Base 
Station (BS), measuring channels of a plurality of BS trans 
mission beams, selecting at least one BS transmission beam 
based on channel measurements, transmitting report informa 
tion about the selected at least one BS transmission beam to 
the BS, receiving from the BS a second message, estimating 
an effective channel matrix for the selected final BS transmis 
sion beam according to the measurement and report condi 
tion, determining feedback information for digital beam 
forming of the BS based on the effective channel matrix, 
transmitting the determined feedback information to the BS, 
and receiving a data burst from the BS according to a Multiple 
Input Multiple Output (MIMO) mode and/or a configuration 
scheduled based on the feedback information. 
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1. 

COMMUNICATION METHOD AND 
APPARATUS USING ANALOG AND DIGITAL 

HYBRD BEAMFORMING 

PRIORITY 

This application claims the benefit under 35 U.S.C. S 119 
(a) of a Korean patent application filed on May 10, 2012 in the 
Korean Intellectual Property Office and assigned Serial No. 
10-2012-0049920 and of a Korean patent application filed on 
Aug. 29, 2012 in the Korean Intellectual Property Office and 
assigned Serial No. 10-2012-0094630, the entire disclosure 
of each of which is hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a beam forming-based 

wireless mobile communication system. More particularly, 
the present invention relates to a communication method and 
apparatus using analog and digital hybrid beam forming. 

2. Description of the Related Art 
The development trend of wireless communication sys 

tems is toward higher data rates to satisfy ever increasing 
demands for wireless data traffic. For example, wireless com 
munication systems are being developed toward increased 
spectral efficiency based on communication schemes Such as 
Orthogonal Frequency Division Multiple Access (OFDMA), 
Multiple Input Multiple Output (MIMO), and the like in order 
to increase data rates. 
As demands for traffic have accelerated due to increased 

demands for smartphones and tablet Personal Computers 
(PCs) and the resulting rapid growth of applications requiring 
a large amount of traffic, it is difficult to satisfy the Soaring 
demands for wireless data simply by increasing spectral effi 
ciency. 

To avert the problem, recent interest has focused on a 
millimeter-wave wireless communication system. When 
wireless communication is provided in a millimeter-wave 
frequency band, propagation loss, such as path loss and 
reflection loss, is increased in view of the spectral nature of 
the millimeter-wave frequency band and the resulting short 
ened propagation distance reduces service coverage. There 
fore, the millimeter-wave wireless communication system 
may expand service coverage by mitigating the path loss of 
waves using beam forming and thus increasing the propaga 
tion distance of the waves. 

The two types of beam forming schemes are digital beam 
forming (or Transmit (Tx) pre-Inverse Fast Fourier Trans 
form (pre-IFFT) beam forming/Receive (RX) post-Fast Fou 
rier Transform (post-FFT) beam forming) and analog 
beam forming (or Tx post-IFFT beam forming/RX pre-FFT 
beam forming) Digital beam forming uses a plurality of Radio 
Frequency (RF) paths based on Multiple Input Multiple Out 
put (MIMO) and a digital precoder or codebook in the digital 
domain, and analog beam forming uses a plurality of analog/ 
RF devices (e.g., a phase shifter, a Power Amplifier (PA), and 
a Variable Gain Amplifier (VGA)) and an antenna configura 
tion. While digital beam forming requires an expensive Digi 
tal to Analog Converter (DAC) or Analog to Digital Converter 
(ADC) and increases implementation complexity in order to 
increase a beam forming gain, analog beam forming has limi 
tations in terms of efficient use of frequency resources or 
maximization of beam forming performance. 

Since a wavelength is shortened in a millimeter-wave band, 
analog beam forming using an antenna array with a number of 
antenna elements arranged in a small space, such as a Uni 
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2 
form Linear Array (ULA) or a Uniform Planar Array (UPA), 
is Suitable. However, the analog beam forming has limitations 
in its effectiveness in terms of efficient use of resources, the 
increase of user or system throughput through MIMO 
schemes such as Single User MIMO (SU-MIMO), Multiple 
User MIMO (MU-MIMO), or spatial multiplexing, and the 
increase of Signal to Noise Ratio (SNR) or reliability through 
diversity or additional digital beam forming, as described 
before. 

Accordingly, there exists a need for Supporting a hybrid 
beam forming which is a combination of analog beam forming 
and digital beam forming, for efficient MIMO/beam forming. 
The above information is presented as background infor 

mation only to assist with an understanding of the present 
disclosure. No determination has been made, and no assertion 
is made, as to whether any of the above might be applicable as 
prior art with regard to the present invention. 

SUMMARY OF THE INVENTION 

Aspects of the present invention are to address at least the 
above-mentioned problems and/or disadvantages and to pro 
vide at least the advantages described below. Accordingly, an 
aspect of the present invention is to provide a method and 
apparatus of transmitting and receiving a signal in a commu 
nication system. 

Another aspect of the present invention is to provide a 
method and apparatus of transmitting and receiving a signal 
by beam forming in a millimeter-wave communication sys 
tem. 

Another aspect of the present invention is to provide a 
hybrid beamforming structure by combining analog beam 
forming and digital beam forming for use in signal transmis 
sion and reception between a Mobile Station (MS) and a Base 
Station (BS). 

Another aspect of the present invention is to provide a 
method and apparatus of efficiently performing hybrid beam 
forming by selecting one or more best beams from one or 
more analog beam sets having directivity on uplink/downlink 
between an MS and a BS and operating a digital Multiple 
Input Multiple Output (MIMO)/beam forming efficiently 
using a beam pair based on the selected beams. 

In accordance with an aspect of the present invention, a 
communication method using analog and digital hybrid 
beam forming is provided. The communication method 
includes receiving a first message including a measurement 
and selection condition for hybrid beam forming from a BS, 
measuring channels of a plurality of BS transmission beams 
according to the measurement and selection condition, select 
ing at least one BS transmission beam based on channel 
measurements according to the measurement and selection 
condition, transmitting report information about the selected 
at least one BS transmission beam to the BS, receiving from 
the BS a second message including a measurement and report 
condition for digital beam forming of a final BS transmission 
beam selected by the BS, estimating an effective channel 
matrix for the selected final BS transmission beam according 
to the measurement and report condition, determining feed 
back information for digital beam forming of the BS based on 
the effective channel matrix, transmitting the determined 
feedback information to the BS, and receiving a data burst 
from the BS according to a MIMO mode and/or a configura 
tion scheduled based on the feedback information. 

In accordance with another aspect of the present invention, 
a communication method using analog and digital hybrid 
beam forming is provided. The communication method 
includes transmitting to a MS a first message including a 
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measurement and selection condition for hybrid beam form 
ing of a plurality of BS transmission beams, receiving from 
the MS report information about at least one BS transmission 
beam selected according to the measurement and selection 
condition by the MS, selecting a final BS transmission beam 
for the MS based on the report information, transmitting to 
the MS a second message including a measurement and 
report condition for digital beam forming of the final BS trans 
mission beam, receiving feedback information for digital 
beam forming of the BS from the MS, performing hybrid 
beam forming scheduling for the MS based on the feedback 
information, and transmitting a data burst to the MS accord 
ing to a scheduled MIMO mode and/or configuration. 

In accordance with another aspect of the present invention, 
an MS for performing communication using analog and digi 
tal hybrid beam forming is provided. The MS includes a digi 
tal beam former, an analog beam former, and a controller con 
figured to control the digital beam former and the analog 
beam former. The controller is configured to receive a first 
message including a measurement and selection condition for 
hybrid beam forming from a BS, to measure channels of a 
plurality of BS transmission beams according to the measure 
ment and selection condition, to select at least one BS trans 
mission beam based on channel measurements according to 
the measurement and selection condition, to transmit report 
information about the selected at least one BS transmission 
beam to the BS, to receive from the BS a second message 
including a measurement and report condition for digital 
beam forming of a final BS transmission beam selected by the 
BS, to estimate an effective channel matrix for the selected 
final BS transmission beam according to the measurement 
and report condition, to determine feedback information for 
digital beam forming of the BS based on the effective channel 
matrix, to transmit the determined feedback information to 
the BS, and to receive a data burst from the BS according to a 
MIMO mode and/or a configuration scheduled based on the 
feedback information. 

In accordance with another aspect of the present invention, 
a BS for performing communication using analog and digital 
hybrid beam forming is provided. The BS includes a digital 
beam former, an analog beam former, and a controller config 
ured to control the digital beam former and the analog beam 
former. The controller is configured to transmit to an MS a 
first message including a measurement and selection condi 
tion for hybrid beam forming of a plurality of BS transmission 
beams, to receive from the MS report information about at 
least one BS transmission beam selected according to the 
measurement and selection condition by the MS, to select a 
final BS transmission beam for the MS based on the report 
information, to transmit to the MS a second message includ 
ing a measurement and report condition for digital beam 
forming of the final BS transmission beam, to receive feed 
back information for digital beam forming of the BS from the 
MS, to perform hybrid beam forming scheduling for the MS 
based on the feedback information, and to transmit a data 
burst to the MS according to a scheduled MIMO mode and/or 
configuration. 

Other aspects, advantages, and salient features of the 
invention will become apparent to those skilled in the art from 
the following detailed description, which, taken in conjunc 
tion with the annexed drawings, discloses exemplary embodi 
ments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other aspects, features, and advantages of 
certain exemplary embodiments of the present invention will 
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4 
be more apparent from the following description taken in 
conjunction with the accompanying drawings, in which: 

FIG. 1 is a block diagram of a physical layer of a Base 
Station (BS) transmitter to Support beam forming according to 
an exemplary embodiment of the present invention; 

FIG. 2 is a block diagram of a physical layer of a BS 
transmitter to Support beam forming according to an exem 
plary embodiment of the present invention; 

FIGS. 3A and 3B are block diagrams of hybrid Transmis 
sion (TX) and Reception (RX) beam forming structures 
according to an exemplary embodiment of the present inven 
tion; 

FIG. 4 illustrates communication between a BS and a 
Mobile Station (MS) according to an exemplary embodiment 
of the present invention; 

FIG. 5 illustrates exemplary analog beams formed in dif 
ferent directions in order to cover a specific cell/sector area in 
a beam space according to an exemplary embodiment of the 
present invention; 

FIG. 6 illustrates an analog and digital hybrid beam form 
ing procedure according to an exemplary embodiment of the 
present invention; 

FIGS. 7A and 7B are block diagrams of hybrid Tx and RX 
beam forming structures according to an exemplary embodi 
ment of the present invention; 

FIG. 8 is a flowchart illustrating a scheduling procedure for 
hybrid Multiple Input Multiple Output/Beam Forming 
(MIMO/BF) according to an exemplary embodiment of the 
present invention; and 

FIG. 9 is a flowchart illustrating a measurement and feed 
back procedure for hybrid MIMO/BF according to an exem 
plary embodiment of the present invention. 

Throughout the drawings, like reference numerals will be 
understood to refer to like parts, components, and structures. 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 

The following description with reference to the accompa 
nying drawings is provided to assist in a comprehensive 
understanding of exemplary embodiments of the invention as 
defined by the claims and their equivalents. It includes vari 
ous specific details to assistin that understanding but these are 
to be regarded as merely exemplary. Accordingly, those of 
ordinary skill in the art will recognize that various changes 
and modifications of the embodiments described herein can 
be made without departing from the scope and spirit of the 
invention. In addition, descriptions of well-known functions 
and constructions may be omitted for clarity and conciseness. 
The terms and words used in the following description and 

claims are not limited to the bibliographical meanings, but, 
are merely used by the inventor to enable a clear and consis 
tent understanding of the invention. Accordingly, it should be 
apparent to those skilled in the art that the following descrip 
tion of exemplary embodiments of the present invention is 
provided for illustration purpose only and not for the purpose 
of limiting the invention as defined by the appended claims 
and their equivalents. 

It is to be understood that the singular forms “a” “an.” and 
“the include plural referents unless the context clearly dic 
tates otherwise. Thus, for example, reference to “a compo 
nent surface' includes reference to one or more of such sur 
faces. 
By the term “substantially it is meant that the recited 

characteristic, parameter, or value need not be achieved 
exactly, but that deviations or variations, including for 
example, tolerances, measurement error, measurement accu 
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racy limitations and other factors knownto those of skill in the 
art, may occur in amounts that do not preclude the effect the 
characteristic was intended to provide. 

Exemplary embodiments of the present invention will be 
provided to address the above-described technical aspects of 
the present invention. In an exemplary implementation, 
defined entities may have the same names, to which the 
present invention is not limited. Thus, exemplary embodi 
ments of the present invention can be implemented with same 
or ready modifications in a system having a similar technical 
background. 

Transmit (Tx) beam forming increases directivity by focus 
ing signal waves in a specific direction through a plurality of 
antennas. A set of antennas is called an antenna array and the 
individual antennas of the antenna array are called antenna 
elements. The antenna array may take various forms includ 
ing a linear array, a planar array, and the like. TX beam forming 
may increase a propagation distance by increasing signal 
directivity. Since signals are seldom transmitted in directions 
other than a specific direction, TX beam forming may also 
significantly reduce signal interference with users other than 
an intended user. 
A receiver may also perform Receive (RX) beam forming 

using an RX antenna array. Since RX beam forming increases 
the reception sensitivity of signals from a specific direction by 
focusing signal reception in the specific direction, excluding 
signals from the other directions, RX beam forming may block 
signals causing interference. 
A millimeter-wave wireless mobile communication sys 

tem employs beam forming to mitigate high propagation path 
loss in a millimeter-wave frequency band. Furthermore, 
beamforming is needed in every case to reduce an unbalance 
between data and a control signal. The beam forming process 
as Suggested by, for example, the Institute of Electrical and 
Electronics Engineers (IEEE) 802.11 ad standard includes 
two phases: Sector Level Sweep (SLS) and Beam Refinement 
Protocol (BRP). 
IEEE 802.11ad is a Wireless Local Area Network (WLAN) 

standard that provides a very small service area with a radius 
of 10 to 20 meters in the 60-GHz millimeter-wave band. To 
overcome a wave propagation problem encountered with the 
millimeter-wave band, beam forming is used. 

During the SLS phase, a Station (STA) that will perform 
beam forming transmits the same sector frame repeatedly in 
different directions and a peer STA receives sector frames 
through quasi-omni antennas and transmits feedback regard 
ing a direction having the highest sensitivity. Therefore, the 
STA may perform beam forming by acquiring information 
about the direction having the highest sensitivity from the 
peer STA. 

During the BRP phase, Tx and Rx beam directions between 
the two STAs are fine-adjusted after the SLS phase in order to 
increase TX and RX beam forming gains. Typically, after the 
two STAs detect the best Tx beam during the SLS phase, they 
search for the best Rx beam matching the best Tx beam during 
the BRP phase. Additionally, the TX-RX beam pair may be 
further fine-adjusted by repeating the SLS and BRP phases. 
Compared to the millimeter-wave wireless communication 

system, existing 2nd Generation (2G) to 4th Generation (4G) 
cellular communication systems are designed to transmit and 
receive control channels and data in a sub-1 GHz or 1 to 3 
GHz frequency band in an isotropic or omni-directional fash 
ion. However, Some resources are optionally allocated to a 
user satisfying a specific channel condition by digital beam 
forming. 

Research has been conducted to achieve an additional per 
formance gain by utilizing the multipath propagation charac 
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6 
teristics of channels with TX/RX diversity based on multiple 
transmission and reception antennas, such as Multiple Input 
Multiple Output (MIMO), in the existing cellular systems. 

Meanwhile, the multipath propagation of channels is miti 
gated due to the afore-described channel characteristics and 
use of TX/RX beam forming in an extremely high frequency 
band like a millimeter-wave band. Therefore, a beam forming 
gain may be achieved but it is difficult to support TX/RX 
diversity. Accordingly, previous studies were limited to deter 
mination of a beam forming weight coefficient that optimizes 
a performance index such as Signal to Noise Ratio (SNR) by 
maximizing a beam forming gain during beam forming. 

Wireless Gigabit (WiGig), which does not support MIMO, 
is implemented based on beam forming through an analog 
array of a plurality of Radio Frequency (RF)/antenna ele 
ments, basically in one RF path or RF chain. For beam form 
ing, a transmitter Sweeps beams of a specific beam pattern in 
a plurality of directions and a receiver selects a beam having 
the largest signal strength and transmits feedback about the 
selected beam to the transmitter. This technique is generally 
applicable to an indoor environment having a Line of Sight 
(LoS) channel path in a short range of a few meters without 
mobility. In an outdoor wireless mobile communication envi 
ronment characterized by mobility of tens of kilometers per 
hour, fast terminal switching, obstacle-incurred Non-LoS 
(NLoS) path characteristics, or a rapidly changing channel 
state caused by channel fading, beam forming that forms nar 
row beams having directivity, maximizing a beam gain in a 
specific direction may only increase sensitivity due to perfor 
mance degradation attributed to the user environment. 

Another MIMO/BF technique is digital beam forming used 
in 3rd Generation Partnership Project (3GPP) Long Term 
Evolution (LTE) and Worldwide Interoperability for Micro 
wave Access (WiMAX). Although the digital beam forming 
scheme supports MIMO/BF with fewer than eight streams 
based on digital precoding, it is difficult to apply the digital 
beam forming as a millimeter-wave band because of hardware 
complexity and large signal overhead in Supporting multiple 
RF paths. In addition, a WiGig analog beam forming scheme 
has a limited performance due to use of a single beam without 
Supporting beam Sweeping and MIMO, and Suffers from per 
formance degradation in a multi-path channel environment. 

Hybrid beam forming applicable to a cellular communica 
tion system according to an exemplary embodiment of the 
present invention combines analog beam forming that over 
comes path loss by high-gain beam forming at an RF end with 
digital beam forming that maximizes capacity by MIMO. 
A beam forming-based millimeter-wave wireless mobile 

communication system becomes sensitive to channel fading 
and obstacles due to large propagation loss, large penetration 
loss, and low multi-path propagation inherent to the channel 
propagation nature of a millimeter-wave band and strong 
directivity resulting from beam forming. 
An analog and digital hybrid beam forming structure for 

transmission and reception between a Base Station (BS) and 
a User Equipment (UE) selects one or more best beams from 
one or more analog beam sets having directivity on downlink 
and uplink and performs digital MIMO/BF efficiently using 
the selected beams in combination. Therefore, a large propa 
gation loss in the millimeter-wave band is mitigated, and 
performance such as channel capacity or diversity is maxi 
mized by additional use of a MIMO/BF scheme. 

For this purpose, a hybrid beam forming mode is selected in 
an exemplary embodiment of the present invention. A BS 
transmits reference signals in multi-directional beams that 
cover beam spaces and indicates a beam-space analog beam 
selection mode to an MS. The mode selection may be based 
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on the state of the MS in a connected mode. The MS selects 
one or more analog beams (i.e., BSTX beams) by beam space 
Sweeping and measurement and reports information about the 
selected one or more analog beams to the BS. 

In an exemplary implementation, the BS indicates a 
selected Tx analog beam to the MS and the MS estimates a 
beam spatial channel matrix (or an effective channel matrix) 
made up of beam forming coefficients for the selected analog 
beam. Subsequently, the BS and/or the MS selects a MIMO 
mode and a precoder based on the beam spatial channel 
matrix. The MS may select the precoder using a given code 
book or the BS may determine a precoding matrix based on 
the beam spatial channel matrix reported by the MS. 

FIG. 1 is a block diagram of a physical layer of a BS 
transmitter that Supports beam forming according to an exem 
plary embodiment of the present invention. The physical 
layer is configured as a hybrid structure that uses analog 
beam forming and digital beam forming simultaneously, by 
way of example. 

Referring to FIG. 1, L digital signals corresponding to L 
layers are provided to a MIMO encoder 120 through encoders 
(ENCS) 110-1 to 110-L and modulators (MODs) 115-1 to 
115-L. A precoder 125 converts M, streams received from the 
MIMO encoder 120 to N, precoded signals corresponding to 
NRF paths. The precoded signals are provided to an analog 
beam former 150 in RF paths including Inverse Fast Fourier 
Transforms (IFFTs) 130-1 to 130-N Parallel-to-Serial (P/S) 
converters 135-1 to 135-N, Cyclic Prefix (CP) inserters 
140-1 to 140-N and Digital to Analog Converters (DACs) 
145-1 to 145-N 
The analog beam former 150 at the rear ends of the DACs 

145-1 to 145-N, includes a plurality of frequency converters 
or mixers, a plurality of phase shifters, and a plurality of 
Power Amplifiers (PAs) or Variable Gain Amplifiers (VGAs) 
corresponding to the respective RF paths and forms beams to 
be transmitted in a specific direction by controlling the phases 
and amplitudes of signals input to a plurality of antenna 
elements in the RF paths. The beams are transmitted through 
an antenna array 155 that is formed by grouping a plurality of 
antenna elements to increase a beam forming gain. 

Digital beam forming through RF paths including the 
IFFTs 130-1 to 130-N, the MIMO encoder 120, and the 
precoder 125 before the DACs 145-1 to 145-N, enables 
achievement of an additional beam forming gain, Multi Unit 
MIMO (MU-MIMO), frequency selective allocation, and 
multi-beam forming. Of course, it is to be understood that the 
hybrid beam forming structure illustrated in FIG. 1 may be 
modified in various manners by modifying and/or combining 
a plurality of blocks. 
One or more beams having different beam widths and 

beam gains that are generated from the hybrid beam forming 
structure may be used in different manners according to the 
channel characteristics of a reference signal, a data channel, 
and/or a control channel, the mobility and channel character 
istics of an MS, uplink/downlink, or transmission/reception. 
A selected beam is formed by controlling the beam forming 
coefficient of an analog or digital end so that the beam has a 
specific beamwidth and beam gain in a specific direction. If 
the same input power is set for the antenna elements, a maxi 
mum beam gain in the steered direction of the beam becomes 
smaller by setting a wider beamwidth. 

FIG. 2 is a block diagram of a physical layer of a BS 
transmitter to Support beam forming according to an exem 
plary embodiment of the present invention. 

Referring to FIG. 2, L digital signals corresponding to L 
layers are provided to a MIMO encoder 220 through encoders 
(ENCS) 210-1 to 210-L and modulators (MODs) 215-1 to 
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8 
215-L. A precoder 225 converts M, streams received from the 
MIMO encoder 220 to N, precoded signals corresponding to 
NRF paths. The precoded signals are provided to an analog 
beam former 250 in RF paths including IFFTs 230-1 to 230 
N. P/S converters 235-1 to 235-N, CP inserters 240-1 to 
240-N and DACs 245-1 to 245-N 
The analog beam former 250 forms beams to be transmitted 

in a specific direction through a plurality of phase shifters and 
a plurality of PAS or VGAs. The beams are transmitted 
through N, antenna array groups 255-1 to 255-N. In the 
hybrid beamforming structure illustrated in FIG. 2, the NRF 
paths correspond to the N, antenna array groups. 

FIGS. 3A and 3B are block diagrams of hybrid Tx and RX 
beam forming structures according to an exemplary embodi 
ment of the present invention. 

Referring to FIGS. 3A and 3B, a transmitter 300 includes a 
digital beam former 310 and an analog beam former 330. The 
digital beam former 310 is connected to the analog beam 
former 330 through a plurality of RF paths including IFFTs 
320, P/S converters 325, and DACs 327. 
The digital beam former 310 includes a MIMO encoder 312 

and a BaseBand (BB) precoder 314. The analog beam former 
330 includes frequency converters 332, phase shifters/PAs 
334, and antenna arrays 336 in the respective RF paths. Ana 
log beams are formed in the antenna arrays 336 mapped to the 
respective RF paths (i.e., RF chains). While not shown, the 
transmitter 300 may further include a controller to control the 
digital beam former 310 and the analog beam former 330, to 
acquire information needed for hybrid beam forming, to 
exchange the information with a receiver, and to determine 
information needed to control the digital beamformer 310 and 
the analog beam former 330, for example, a beam forming 
coefficient matrix. 
Beams formed by the transmitter 300 are transmitted to a 

receiver 305 on beam-spatial effective channels established 
over MIMO channels (H)340 between multiple channels of 
the transmitter and the receiver. Similarly to the transmitter 
300, the receiver 305 includes an analog beam former 350 and 
a digital beam former 370. The analog beam former 350 is 
connected to the digital beam former 370 through a plurality 
of RF paths including Analog to Digital Converters (ADCs) 
360, Serial to Parallel (S/P) converters 362, and Fast Fourier 
Transforms (FFTs) 364. The analog beamformer 350 
includes antenna arrays 352, Low Noise Amplifiers (LNAs)/ 
phase shifters 354, and frequency converters 356 in the 
respective RF paths. The digital beam former 370 includes a 
BB combiner 372 and a MIMO decoder 374. 

While not shown, the receiver 305 may further include a 
controller to control the digital beam former 370 and the ana 
log beam former 350, to acquire information needed for 
hybrid beam forming, to exchange the information with the 
transmitter 300, and to determine information required to 
control the digital beam former 370 and the analog beam 
former 350, for example, a beam forming coefficient matrix. 
The controller determines the best analog beam by perform 
ing channel estimation on analog beams received from the 
antenna arrays 352 mapped to the respective RF paths (i.e., 
RF chains). 
The transmitter 300 forms analog beams having directivity 

in different directions by analog beam forming and transmits 
and receives data with improved performance in an analog 
TX-RX beam pair selected from among analog TX and RX 
beams by additional digital MIMO/BF processing. 

FIG. 4 illustrates communication between a BS and an MS 
according to an exemplary embodiment of the present inven 
tion. 
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Referring to FIG. 4, a BS 400 manages a cell divided into 
one or more sectors as its service coverage area and forms a 
plurality of TX/RX beams 412 using the afore-described digi 
tal and analog hybrid beam forming structure. The BS 400 
transmits a plurality of beam formed signals by Sweeping 
them simultaneously or Successively, as indicated by refer 
ence numeral 410. 
An MS 420 located within the cell of the BS 400 may be 

configured to receive signals omni-directionally without Sup 
porting RX beam forming, receive signals while Supporting 
RX beam forming by using one beam forming pattern each 
time, or receive signals while Supporting RX beam forming by 
simultaneously using a plurality of beam forming patterns in 
different directions. 

If the MS 420 does not support Rx beam forming, the MS 
420 measures the channel quality of a reference signal in each 
transmission beam and reports the measurements to the BS 
400. The BS 400 selects the best beam for the MS 420 from 
among a plurality of Tx beams. If the MS 420 is configured to 
support Rx beam forming, the MS 420 measures the channel 
qualities of a plurality of Tx beams 422 received from the BS 
400 for each reception beam pattern and reports total or some 
high-ranked measurements of all Tx-RX beam pairs to the BS 
400. The BS 400 may allocate an appropriate TX beam to the 
MS 420. If the MS 420 is capable of receiving a plurality of Tx 
beams from the BS 400 or supporting a plurality of BSTX-MS 
Rx beam pairs, the BS 400 may select a beam, taking into 
account diversity transmission through repeated transmission 
or simultaneous transmission. 

FIG. 5 illustrates exemplary analog beams formed in dif 
ferent directions in order to cover a specific cell/sector area in 
a beam space according to an exemplary embodiment of the 
present invention. In the illustrated case of FIG. 5, beams 
patterns are formed by use of a single antenna array. 

Referring to FIG. 5, a plurality of beams having predeter 
mined beamwidths and predetermined beam gains may be 
formed with respect to a beam 500 in a reference direction (at 
an azimuth angle or elevation angle of 0). 

FIG. 6 illustrates an analog and digital hybrid beam form 
ing procedure according to an exemplary embodiment of the 
present invention. While a Time Division Duplex (TDD) 
frame divided into a synchronization/broadcasting channel 
region, Downlink (DL) subframes, and Uplink (UL) sub 
frames is shown as an example in FIG. 6, it is to be understood 
that the hybrid beam forming procedure is applicable to a 
Frequency Division Duplex (FDD) frame or other frame 
structures in the same manner or in a similar manner. 

Referring to FIG. 6, a BS 600 forms one or more analog 
beams per RF chain or antenna array in different directions 
within a cell/sector and transmits a reference signal Such as a 
mid-amble or Channel State Information Reference Signal 
(CSI-RS) in each analog beam so that an MS may measure the 
channel quality of an analog beam steered in each direction 
(e.g., a Carrier-to-Interference-and-Noise Ratio (CINRs), 
Received Signal Strength Indicator (RSSIs), etc.) in step 612. 
The reference signals may be transmitted in N sub-time 
areas of a predetermined time area in a DL subframe. 
N is the number of analog beams transmitted through 

each RF chain or antenna array from the BS. More specifi 
cally, the BS allocates the reference signals of different RF 
chains to be transmitted in one analog Tx beam to different 
frequency resources in one sub-time area (e.g., a symbol 
duration). Therefore, for each RF chain, reference signals are 
transmitted in analog Tx beams formed in different directions 
across N Sub-time areas. 

In step 614, an MS. 605 measures the channels of the 
respective analog beams from the reference signals, for each 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
BSRF chain and selects one or more BSRF chains orantenna 
arrays or one or more analog beams per BS RF chain or 
antenna array, which satisfy a specific threshold or condition 
suitable for data transmission and reception between the BS 
and the MS based on channel qualities (e.g., CINRs, RSSIs, 
etc.) obtained from the measurements. For example, the MS 
605 may select MBS analog beams at maximum or Manalog 
beams per BS RF chain orantenna array at maximum accord 
ing to a given value of M. 

If the MS 605 also supports hybrid beam forming, the MS 
605 may measure the channel qualities of BS Tx-MS RX 
analog beam pairs, while Sweeping one or more MS RX 
beams and may select one or more BSTXanalog beams or one 
or more BSTX-MS RX analog beam pairs based on the mea 
surements. A criterion or condition based on which a TX/RX 
analog beam is selected may be determined based on a thresh 
old set by the MS. 605 or a specific beam selection metric 
and/or threshold indicated to all MSs or each individual MS 
within the cell by the BS 600. 
The beam selection metric may be expressed as various 

forms. For example, the beam selection metric may include 
effective channels for one or more analog beams being carried 
through one or more RF chains and average, highest, or 
lowest SNR of respective MIMO streams calculated by mea 
Suring a channel matrix having the effective channels as 
entries. In another example, the beam selection matrix may be 
a channel capacity calculated by a channel capacity formula. 

In step 616, the MS 605 reports to the BS information 
indicating one or more BS RF chains or antenna arrays that 
have been selected based on the measurements of the channel 
qualities of all possible BSTX-MS RX analog beam pairs, and 
analog beam index information indicating one or more analog 
Tx beams or one or more BSTX-MS RX analog beam pairs per 
RF chain orantenna array. The reported information may be 
transmitted, for example, in a predetermined reporting area of 
a UL subframe. In step 618, the BS 600 may downselect a 
final BSTX analog beam(s) based on the analog beam index 
information, taking into account scheduling. The BS 600 
transmits information about selected final BS RF chains or 
antenna arrays and information about a selected final analog 
Tx beam(s) per RF chain orantenna array to the MS 605 by a 
DL control message in a DL subframe. 

In step 620, the MS 605 estimates an effective channel 
matrix of a beam space regarding the selected final BS TX 
analog beams and best MS RX analog beams mapped to the 
BS Tx analog beams. The effective channel matrix may be 
obtained by applying BSTx analog beam forming and MS RX 
analog beam forming to a channel matrix between the TX 
antennas of the BS 600 and the RX antennas of the MS 605 in 
an antenna space. For example, the effective channel matrix 
may be expressed as Equation (1). 

y= Weets WRFMsHWRFBS WaB BSS-2 
WattsiiWaress+n H 
WRFMsHWRFBs:NRFMSXNRF Bs Equation (1) 

In Equation (1), H represents an ideal channel matrix, H 
represents an estimated effective channel matrix, S represents 
a transmitted signal, y represents a received signal, and in 
represents noise. W, represents a beam forming coefficient 
matrix used in the digital beam former and W represents a 
beam forming coefficient matrix used in the analog beam 
former. Subscripts MS and BS represent beam forming coef 
ficient matrices used respectively in the MS and the BS. 
Norts and Nas represent the numbers of RF paths in the 
MS and the BS, respectively. 
The MS. 605 estimates or predicts at least one of an opti 

mum MIMO rank (or an optimum number of MIMO 
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streams), an optimum MIMO precoder (or codebook), an 
effective CINR (or Channel Quality Indication (CQI)), and an 
optimum Modulation and Coding Scheme (MCS) level for 
digital beam forming of the BS 600, using the estimated effec 
tive channel matrix, in step 620. 

In an alternative exemplary embodiment, the MS 605 may 
determine a supported MIMO rank or the number of Sup 
ported MIMO streams based on an effective channel matrix 
made up of one or more BS RF chains or antenna arrays, 
analog beams for each of the BS RF chains orantenna arrays, 
one or more MS RF chains or antenna arrays, and analog 
beams for each of the MS RF chains or antenna arrays. In 
addition, the MS 605 may select a precoder or codebook that 
maximizes the afore-described beam selection metric based 
on the average, highest, or lowest of the SNRs of MIMO 
streams or a channel capacity, which is estimated over each of 
specific Tx precoders, predetermined codebooks, or Precoder 
Matrix Indexes (PMIs) for precoding in a transmitter. An 
effective CINR is estimated based on the selected precoder or 
codebook. 
The supported MIMO rank or the number of supported 

MIMO streams is limited by the maximum number of RF 
chains that the BS allocates to the MS, arbitrarily by the BS, 
or additionally by the number of RF chains or antenna arrays 
selected by the BS or the MS. In another exemplary embodi 
ment, the BS or the MS presets the supported MIMO rank or 
the number of supported MIMO streams. The MS may select 
a codebook or PMI that optimizes transmission performance 
within the MIMO rank or the number of MIMO streams, 
estimate an effective CINR corresponding to the selected 
codebook or PMI, and feed back the estimated effective 
CINR to the BS. 
The MS 605 feeds back the estimated or predicted infor 

mation to the BS 600 in step 622. The BS 600 performs hybrid 
beam forming scheduling for the MS. 605 based on the feed 
back information and transmits a DL data burst to the MS. 605 
according to a scheduled MIMO mode and/or MCS level in 
step 624. 

In another exemplary embodiment of the present invention, 
the MS 605 may feedback information about the estimated 
effective channel matrix to the BS 600 in step 622. The BS 
600 may select an appropriate MIMO precoder (or codebook) 
directly by performing Singular Value Decomposition (SVD) 
of the effective channel matrix or a different MIMO/BF 
scheme based on the feedback information and may perform 
scheduling and data transmission in step 624. Herein, this 
technique offeeding back an effective channel matrix will be 
referred to as an analog feedback of an effective channel 
matrix. 

In another exemplary embodiment of the present invention, 
the MS. 605 may perform steps 614 through 620 simulta 
neously, instead of sequentially performing the operation of 
selecting BS RF chains orantenna arrays and an analog beam 
per RF chain or antenna array or selecting a combination of 
BSRF chains orantenna arrays, a Tx analog beam per BS RF 
chain orantenna array, MS RF chains or antenna arrays, and 
an Rx analog beam per MS RF chain or antenna array, the 
operation of selecting a MIMO rank or the number of MIMO 
streams, and a precoder, codebook, or PMI, taking into 
account digital MIMO precoding of the selected RF chains or 
antenna arrays and the selected Tx and/or RX analog beams, 
and the operation of estimating an effective CINR or CQI in 
steps 614 through 620. More specifically, the MS 605 may 
perform computation over every possible combination of a 
BSTX RF chain orantenna array, Tx analog beams of the BS 
Tx RF chain orantenna array, an MS RX RF chain orantenna 
array, and Rx analog beams of the MSRX RF chain orantenna 
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12 
array, for use in selecting the number of MIMO streams or a 
MIMO codebook. Substantially simultaneously, the MS 605 
may select information Such as RF chains orantenna arrays of 
the BS and the MS, analog beams for each of the RF chains or 
antenna arrays, the number of MIMO streams, and a digital 
precoder or codebook. The selected information is reported as 
an analog feedback to the BS 600. 

While the operations and procedures of an MS and a BS 
have been described above in the context of DL hybrid beam 
forming, the MS and the BS may operate in a similar manner 
for UL hybrid beam forming by exchanging their roles in the 
DL hybrid beam forming. 

FIGS. 7A and 7B are block diagrams of hybrid Tx and RX 
beam forming structures according to another exemplary 
embodiment of the present invention. In the hybrid Tx and RX 
beam forming structures which are configured based on the 
hybrid beam forming structure illustrated in FIG. 1, Tx and RX 
analog beams having directivity are formed in different direc 
tions by analog beam forming between an MS and a BS and a 
TX-RX analog beam pair selected from among the TX and RX 
analog beams is subjected to additional digital MIMO/BF 
processing. Therefore, data transmission and reception are 
performed with improved performance. 

Referring to FIG. 7A, a transmitter 700 includes a digital 
beam former 710 and an analog beam former 730. The digital 
beam former 710 is connected to the analog beam former 730 
through a plurality of RF paths including IFFTs 720, P/S 
converters 725, and DACs 727. The digital beamformer 710 
includes a MIMO encoder 712 and a BB precoder 714. The 
analog beam former 730 includes frequency converters 732 
and phase shifters/PAS 374 for the respective RF paths. Sig 
nals from the phase shifters/PAS 734 are summed on an 
antenna element basis and provided to the antenna elements 
of an antenna array 736. Analog beams are formed by the 
single antenna array 736 shared by the plurality of RF paths 
(i.e., RF chains). 
While not shown, the transmitter 700 may further include a 

controller to control the digital beam former 710 and the ana 
log beam former 730, to acquire information needed for 
hybrid beam forming, to exchange the information with a 
receiver, and to determine information needed to control the 
digital beam former 710 and the analog beam former 730, for 
example, a beam forming coefficient matrix. 
Beams formed by the transmitter 700 are transmitted to a 

receiver 705 on beam-space effective channels established 
over MIMO channels H 740 between multiple channels of the 
transmitter 700 and the receiver 705. 

Referring to FIG. 7B, similarly to the transmitter 700, the 
receiver 705 includes an analog beam former 750 and a digital 
beam former 770. The analog beam former 750 is connected to 
the digital beam former 770 through a plurality of RF paths 
including ADCs 760, S/P converters 762, and FFTs 764. The 
analog beam former 750 includes an antenna array 752 having 
antenna elements corresponding to the RF paths, and LNAS/ 
phase shifters 754 and frequency converters 756 correspond 
ing to the respective RF paths. The digital beam former 770 
includes a BB combiner 772 and a MIMO decoder 774. 

While not shown, the receiver 705 may further include a 
controller to control the digital beam former 770 and the ana 
log beam former 750, acquire information needed for hybrid 
beam forming, exchange the information with the transmitter 
700, and determine information required to control the digital 
beam former 770 and the analog beam former 750, for 
example, a beam forming coefficient matrix. The controller 
performs channel estimation on analog beams output from 
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the plurality of RF paths (i.e., RF chains) sharing the single 
antenna array and thus determines the best analog beam based 
on the channel estimation. 
The transmitter 700 forms analog beams having directivity 

in different directions by analog beam forming and transmits 5 
and receives data with improved performance in a TX-RX 
analog beam pair selected from among TX and RX analog 
beams by additional digital MIMO/BF processing. 

In another exemplary embodiment of the present invention, 
the transmitter of FIG.3A and the receiver of FIG.7B may be 10 
used or the transmitter of FIG. 7A and the receiver of FIG. 3B 
may be used. In another exemplary embodiment of the 
present invention, a transmitter and a receiver may be config 
ured by modifying the hybrid beam forming structure of FIG. 
1 or FIG 2. 15 
Now a description will be given of an exemplary operation 

of an MS to select an analog beam (i.e., a BS Tx beam) and 
estimate and select a digital precoder or codebook for addi 
tional digital MIMO/BF processing and an exemplary opera 
tion of a BS corresponding to the operation of the MS, when 20 
hybrid beam forming is implemented. While the following 
description is given of a DL operation in which the BS trans 
mits a signal and the MS receives a signal, Substantially the 
same thing is applicable to a UL operation. 
The BS and the MS simultaneously or sequentially per- 25 

forman operation of selecting one or more analog beams (i.e., 
BSTX beams) or one or more BSTX-MS RX beam pairs for 
hybrid beam forming and an operation of scheduling digital 
MIMO/BF for the selected one or more analog beams or BS 
Tx-MS RX beam pairs. 30 

FIG. 8 is a flowchart illustrating a scheduling procedure for 
hybrid MIMO/BF according to an exemplary embodiment of 
the present invention. 

Referring to FIG. 8, the BS broadcasts or unicasts infor 
mation about beam forming supported by the BS to the MS in 35 
step 802. The beam forming information includes analog 
beam forming information. The analog beam forming infor 
mation specifies, for example, at least one of the number of 
BS RF chains or antenna arrays, the number of BSTX beams 
per BS RF chain or antenna array formed in different direc- 40 
tions, the array gain of each BS Tx beam, the number of 
beams supported simultaneously by the BS, the number of 
beams supported simultaneously for one MS or one burst, and 
the configuration of reference signals per BS Tx beam. The 
beam forming information may further include digital beam- 45 
forming information for hybrid beam forming. In an exem 
plary embodiment of the present invention, if digital beam 
forming is used according to a digital precoder Scheme based 
on a quantized codebook, the digital beam forming informa 
tion includes information about a codebook set available to 50 
the MS. In another exemplary embodiment of the present 
invention, the analog beam forming information may be 
broadcast or unicast to each MS within the cell and the digital 
beam forming information may be unicast to an MS that has 
selected an analog beam pair. 55 

In step 804, the BS transmits a request message requesting 
feedback information for hybrid beam forming, particularly 
analog beam forming, to an MS that has performed or is 
performing network entry. The request message may include 
a measurement/selection condition based on which an RF 60 
chain or antenna array, an analog beam, a digital MIMO 
precoding scheme, and the like are selected for hybrid beam 
forming. 

For example, the measurement/selection condition 
includes at least one of the number of BSTX RF chains or 65 
antenna arrays, the (maximum) number of BSTX beams to be 
reported per BSTX RF chain orantenna array, the (maximum) 

14 
number of beam pairs to be reported, the (maximum) number 
of BS Tx beams to be reported per MS RX beam, and the 
(maximum) number of MS RX beams to be reported. In 
another example, the measurement/selection condition 
includes at least one of the (maximum) number of MIMO 
streams, a channel quality condition used to select a BS TX 
beam or a BS Tx-MS RX beam pair, and a specific MIMO 
mode about which feedback information is to be transmitted. 
The channel quality condition may include, for beam selec 

tion, for example, at least one of a signal strength threshold 
(e.g., CINR, RSSI, etc. threshold) CINR/RSSI, a relative 
threshold ACINR/ARSSI, a standard deviation threshold 
O/Oss, a correlation threshold p, a combined CINR/ 
RSSI threshold for selected multiple beam pairs, and a thresh 
old for the difference between a predetermined reference 
(e.g., the maximum CINR/RSSI of the selected multiple 
beam pairs) and the CINRS/RSSIs of the selected multiple 
beam pairs. The specific MIMO mode may be at least one of 
Multiple Input Multiple Output-Spatial Multiplexing 
(MIMO-SM), Multiple Input Multiple Output-Space Time 
Code (MIMO-STC), and MIMO/BF. The measurement/se 
lection condition may further include a supported MIMO 
rank or the number of supported MIMO streams, set by the 
BS. 

In step 806, the MS feeds back to the BS a report message 
including information about one or more BS RF chains or 
antenna arrays and one or more beam pairs (or BSTX beams) 
that are selected based on the measurement/selection condi 
tion, and Channel State Information (CSI) (e.g., RSSIs, 
CINRs, etc.) of the beam pairs (or BS Tx beams). The BS 
downselects one or more BS RF chains orantenna arrays and 
one or more beam pairs per BS RF chain or antenna array, 
taking into account its scheduling criterion based on the infor 
mation about the selected beam pairs (or BSTX beams) and 
the CSI about the beam pairs (or BSTX beams) in step 808. 

In step 810, the BS transmits a request message requesting 
feedback information about the selected one or more beam 
pairs to the MS, for digital beam forming. The request mes 
sage includes information about the one or more BS RF 
chains or antenna arrays selected by the BS and one or more 
beam pairs selected for each of the BS RF chains or antenna 
arrays. The request message may further include digital 
beam forming information. The digital beam forming infor 
mation includes information about a channel measurement 
and feedback report condition for the selected beam pairs. For 
example, the channel measurement and feedback report con 
dition specifies, for example, the maximum number of BS RF 
paths allocated to the MS, the maximum number of MIMO 
streams, and feedback information needed for analog/digital/ 
hybrid MIMO/BF. 

In an exemplary embodiment of the present invention, if 
digital beam forming is used according to a digital precoder 
scheme based on a quantized codebook, the digital beam 
forming information includes information about a codebook 
set available to the MS. In another exemplary embodiment of 
the present invention, the BS and the MS may commonly 
pre-store information about a codebook preset or predefined 
according to a predetermined rule. 

In an alternative exemplary embodiment of the present 
invention, the digital beam forming information may include 
information indicating whether digital beam forming is to be 
performed based on an analog feedback or a codebook. In 
another alternative exemplary embodiment of the present 
invention, the digital beam forming information may indicate 
a feedback to be received. For example, the digital beam form 
ing information may specify at least one of an optimum 
MIMO mode estimated by the MS, a preferred PMI repre 
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senting an optimum digital precoder, an optimum codebook, 
the number of MIMO streams, estimated CSI, an estimated 
MCS level, the elements of a channel matrix, and the channel 
matrix or its equivalent. 

Step 812 or step 814 is performed depending on whether 
beam forming is performed based on a codebook or an analog 
feedback. The type of digital beam forming to be used may be 
determined in various manners including negotiations 
between the BS and the MS, an indication from the BS, a 
request from the MS, the capabilities of the BS and the MS, a 
system standard, and the like. 

In step 812, the BS receives feedback information for code 
book-based digital beam forming from the MS. The feedback 
information includes at least one of an optimum MIMO 
mode, a preferred PMI representing an optimum digital pre 
coder, an optimum codebook, the number of MIMO streams, 
CSI, and an MCS level, which are estimated based on the 
selected beam pairs by the MS. In step 814, the BS receives 
feedback information for analog feedback-based digital 
beam forming from the MS. The feedback information is 
information needed to reconfigure the elements of a channel 
matrix, the channel matrix, or an equivalent of the channel 
matrix. For example, the feedback information may include a 
normalized channel matrix, a decomposed channel matrix, or 
a channel covariance matrix. 

In step 816, the BS finally performs scheduling for hybrid 
beam forming by combining the feedback information for 
digital beam forming received in step 812 or 814 with the 
feedback information for analog beam forming received in 
step 806. Thus, the BS determines a MIMO mode and its 
related configuration, for example, selected beam pairs, 
MIMO streams, a PMI representing a selected digital pre 
coder, and an MCS level. The BS allocates a data burst 
according to the selected/scheduled configuration and trans 
mits the allocated data burst to the MS in step 818. 

For example, if the BS receives feedback information 
about a channel matrix for analog feedback-based digital 
beam forming from the MS, the BS estimates the channel 
capacities of different MIMO modes having different digital 
MIMO precoders (codebooks) over the selected beam pairs, 
selects at least one MIMO mode having the largest channel 
capacity (or satisfying a given condition), selects a preferred 
PMI (precoder or codebook) for digital beam forming of the 
selected beam pairs, and estimates CSI (CSI, COI, CINR, 
RSSI or MCS level), thereby determining a configuration 
needed for digital beam forming in step 816. 

In an alternative exemplary embodiment, after receiving 
the feedback information in step 806, the BS may proceed 
directly to step 816 without requesting feedback information 
for additional beam selection and digital beam forming. In this 
case, the MS completes beam selection for analog beam form 
ing and estimation and configuration selection for digital 
beam forming. 

In another exemplary embodiment, the BS may request 
feedback information for both analog beam forming and for 
digital precoding in step 804, may receive the feedback infor 
mation Such as an RF chain orantenna arrays, analog beams 
of each of one or more selected RF chains or antenna arrays, 
a codebook/PMI and a MIMO rank for digital precoding by 
which one or more selected Tx analog beams are combined 
prior to transmission in step 806, and may proceed directly to 
step 816. 

FIG. 9 is a flowchart illustrating a measurement and feed 
back procedure for hybrid MIMO/BF according to an exem 
plary embodiment of the present invention. 

Referring to FIG. 9, the MS receives beam forming infor 
mation from the BS on a broadcast channel or a unicast 
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16 
channel in step 902. The beam forming information includes 
at least one of analog beam forming information and digital 
beam forming information. For example, the analog beam 
forming information specifies the number of BS RF chains, 
the number of BS antenna arrays, the number of BSTx beams 
per BS RF chain or antenna array, and the configuration of 
reference signals per BS Tx beam. 
The MS receives a feedback request for hybrid beam form 

ing, particularly analog beam forming from the BS in step 904 
and detects a measurement/selection condition included in 
the feedback request in step 906. The measurement/selection 
condition may include at least one of the (maximum) number 
of available BS RF chains or antenna arrays, the (maximum) 
number of available BSTX beams, the (maximum) number of 
available beam pairs, the (maximum) number of BSTX beams 
per MS RX beam, the (maximum) number of MS RX beams, 
the (maximum) number of MIMO streams, a channel quality 
condition of selecting BS Tx beams or BS Tx-MS RX beam 
pairs, and a criterion for a specific MIMO mode. 
The MS measures the channel qualities of BSTX-MS RX 

beam pairs (or BSTX beams) according to the measurement/ 
selection condition set by the BS in step 908 and selects one 
or more beam pairs (or BS Tx beams) based on the measure 
ments in step 910. 
Now a description will be given of an exemplary embodi 

ment of selecting a beam pair in the MS. 
Equation (2) expresses a channel matrix measured by the 

MS in step 908. 

v Hol v. How Equation (2) 
H 

sk sk v. Ho1 ... v. How NR NR JNRXNT 

In Equation (2), H represents an estimated NXN channel 
matrix corresponding to N, BS Tx beams and NRMS RX 
beams, v, represents a beam weight for an i' MS RX beam, 
(), represents a beam weight for a j" BS Tx beam, and H 
represents a channel value between a BSTX antenna and an 
MS RX antenna. 
A pair of thei" MSRX beam and thei"BSTx beam having 

a channel element that satisfies the condition of Equation (3) 
or Equation (4) is selected in step 910. 

H.H.; a 'Hy; v: Ha; 
CINR = E = OT O 

|CINR - CINRIs ACINRt, 

Equation (3) 
O-2 > CINRF, 

RSSI = H H = co, Hrviv; Hao, a RSSIr, Equation (4) 
|RSSI - RSSIs ARSSlt, 

In Equations (3) and (4), H v*Hoo, represents a channel 
value between the i' MSRX beam and thei'BSTx beam, of 
represents an Additive White Gaussian Noise (AWGN) vari 
ance, CINR, and RSSI, represent the CINR and RSSI mea 
surements of a reference signal transmitted by the j" BSTX 
beam and received by the i' MS RX beam, CINR, and 
RSSI represent the maximum values of the CINRs and 
RSSIs of a plurality of beam pairs, max(RSSI)/max, 
(RSSI), and CINR, and RSSI, represent thresholds given 
by the measurement/selection condition of the BS in step 904. 
In another exemplary embodiment, a predetermined refer 
ence value CINR, or RSSI, may be used instead of 
CINR or RSSI. 
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In the above exemplary embodiment of the present inven 
tion, the MS selects a BS Tx beam or beam pair having a 
CINR or RSSI equal to or larger than a predetermined thresh 
old or a BS Tx beam or beam pair having a CINR or RSSI 
different from the maximum of the CINR or RSSI measure 
ments of a plurality of beam pairs by a predetermined thresh 
old or less. 

In another exemplary embodiment, the MS selects a BSTX 
beam or beam pair having a standard CINR (or RSSI) devia 
tion equal to or Smaller than a predetermined threshold. 

Std. Dev(CINR(t))son, 

Std. Dev(RSSI,(t)sorss Equation (5) 

In another exemplary embodiment, the MS calculates the 
correlations between beam pairs and selects beam pairs hav 
ing a correlation equal to or Smaller than a correlation thresh 
old set by the BS. 

According to Equation (6), the MS may select a pair of an 
i' MS RX beam and alj". BSTx beam and a pair of ann" MS 
Rx beam and an n' BSTx beam. 

In another exemplary embodiment, the beam selection 
condition may be given by the BS or set by the MS. 

In step 912, the MS feeds back information about the 
selected one or more beam pairs and the CSI (e.g., RSSIs, 
CINRs, etc.) of the beam pairs to the BS. The MS receives a 
request message requesting feedback information for digital 
beam forming of the selected one or more beam pairs from the 
BS in step 914. The request message may include information 
about one or more beam pairs selected by the BS. The request 
message may further include digital beam forming informa 
tion. Herein, the digital beam forming information includes a 
channel measurement and feedback report condition for the 
selected beam pairs. For example, the channel measurement 
and feedback report condition specifies, for example, the 
maximum number of BS RF paths allocated to the MS, the 
maximum number of MIMO streams, and feedback informa 
tion needed for analog/digital/hybrid MIMO/BF. 

In step 916, the MS determines the beam pairs selected by 
the BS from the request message and detects the channel 
measurement and feedback report condition for the selected 
beam pairs. The MS measures the channels of the selected 
beam pairs according to the channel measurement and feed 
back report condition in step 918. Equation (7) below 
expresses an effective channel matrix measured for the 
selected BSTx-MS RX beam pairs by the MS. 

Equation (6) 

v Hol . v. How Equation (7) 

sk F. -- 

'M HN J.M.N. M-N-N-N) 

In Equation (7), M and N represent the number of MS RX 
beams and the number of BSTX beams for use in communi 
cation, respectively and v, and co, represent a weight for a 
selected i' MS RX beam and a weight for a selected j', BSTx 
beam, respectively. 

Subsequently, step 920 or step 922 is performed depending 
on whether beam forming is performed based on a codebook 
or an analog feedback between the BS and the MS. The type 
of digital beam forming to be used may be determined in 
various manners including negotiations between the BS and 
the MS, an indication from the BS, a request from the MS, the 
capabilities of the BS and the MS, and a system standard. 
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In step 920, the MS transmits feedback information repre 

senting the measured effective channel matrix to the BS. For 
example, the feedback information includes one of the effec 
tive channel matrix, a normalized effective channel matrix, a 
decomposed effective channel matrix, a covariance matrix 
H.H. of the effective channel matrix, the elements of the 
effective channel matrix, and information needed to recon 
figure the effective channel matrix. 

In step 922, the MS estimates the hybrid beam forming 
MIMO/BF channel capacities of the selected beam pairs 
based on the effective channel matrix and determines a nec 
essary digital beam forming configuration. More specifically, 
the MS selects a MIMO mode, the number of MIMO streams, 
and a preferred PMI, and estimates a COI. The MIMO mode 
may be one of MIMO Tx diversity, MIMO-BF, MIMO-SM, 
and MIMO-STC. The estimated CQI may be at least one of a 
CINR, an RSSI, an effective CINR, and an MCS level. In step 
924, the MS transmits to the BS feedback information includ 
ing the determined digital beam forming information, for 
example, at least one of an optimum MIMO mode, a preferred 
PMI representing an optimum digital precoder, an optimum 
codebook, the number of MIMO streams, an estimated CQI, 
and an estimated MCS level. 
The MS estimates the channel capacities of different 

MIMO modes having different digital MIMO precoders 
(codebooks) over the selected beam pairs, selects at least one 
MIMO mode having the largest channel capacity (or satisfy 
ing a given condition), selects a preferred PMI (precoder or 
codebook) for digital beam forming of the selected beam 
pairs, and estimates CSI (a CQI, CINR, RSSI or MCS level), 
thereby generating digital beam forming information in step 
922. 

In step 926, the MS receives a data burst from the BS using 
a configuration allocated by scheduling of the BS based on the 
feedback information reported in step 920 or 924. 

In an alternative exemplary embodiment, after selecting 
the beam pairs in step 910, the MS may proceed directly to 
step 918 and thus may measure the channels of the beam pairs 
selected by the MS in step 918. In this case, the MS completes 
beam selection for analog beam forming. 

In another exemplary embodiment, upon request of the BS 
or autonomously, the MS may select BS RF chains orantenna 
arrays and BSTX analog beams or TX-RX analog beam pairs 
to be transmitted through the BS RF chains orantenna arrays 
and at the same time, the MS may select a MIMO rank and a 
MIMO precoder/codebook for use in digital MIMO precod 
ing/beam forming through multiple beams. 

In the above-described hybrid Tx/RX beam forming 
scheme, the number of TX/RX beams or Tx-RX beam pairs to 
be considered during channel measurement and selection of 
analog beams is changed depending on the hybrid beam form 
ing structures of the BS and the MS and the maximum number 
of multiple analog beams that can be used simultaneously 
during digital precoding is limited by the hybrid beam form 
ing structures of the BS and the MS. Accordingly, the MS and 
the BS share information about their hybrid beam forming 
structures or their hybrid beam forming capabilities including 
the capabilities of analog beam forming and digital beam 
forming. 

Table 1 lists exemplary hybrid beam forming capability 
fields according to hybrid beam forming structures. The capa 
bility fields include at least one of a field indicating support or 
non-Support of analog beam forming for transmission and 
reception, a field indicating Support or non-Support of digital 
MIMO/BF, a field indicating the number of analog TX/RX 
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beams in different directions, and a field indicating the num 
ber of analog TX/RX beams (or the number of TX/RX RF paths) 
Supported at the same time. 

TABLE 1. 

Category Description Value 

Tx Hybrid Capability to support Tx analog Ob0: non-support 
BF beamforming Ob1: Support 
capability Number of separate TX ObO00: 1-Ob111: 8 
(in case of arrayS. Subarrays 
downlink Number of Tx analog beamforming- ObO000: 1-Ob11111: 
for BS, patterns (or beams) per array Subarray 32 
in case of analog beam(s) 
uplink Capability to Support TX digital Ob0: non-support 
for MS) MIMOBF Ob1: Support 

Max number of Tx digital MIMO ObO00: 1-Ob111: 
streams Supported 8 stream(s) 
Capability of transmitting concurrently Ob0: non-support 
with multiple different Tx analog Ob1: Support 
beams 
Max number of Tx analog beams ObO00: 1-Ob111: 8 
Supported concurrently 
(Number of Tx RF chains) 

RX Hybrid Capability to support Rx analog Ob0: non-support 
BF beamforming Ob1: Support 
capability Number of separate RX ObO00: 1-Ob111: 8 
(in case of arrayS. Subarrays 
uplink for Number of RX analog beamforming- ObO000: 1-Ob11111: 
BS, in patterns (or beams) per array Subarray 32 
case of analog beam(s) 
downlink Capability to Support RX digital Ob0: non-support 
for MS) MIMOBF Ob1: Support 

Max number of RX digital MIMO ObO00: 1-Ob111: 
streams Supported 8 stream(s) 
Capability of receiving concurrently Ob0: non-support 
with multiple different Rx analog Ob1: Support 
beams 
Max number of RX analog beams ObO00: 1-Ob111: 8 
Supported concurrently 
(Number of RX RF chains) 

The hybrid beam forming capability fields may be shared 
between the BS and the MS by exchanging messages used for 
capability negotiations during network entry, handover, 
wake-up from idle State, or network reentry. In another exem 
plary embodiment, the BS may transmit the hybrid beam 
forming capability fields on a broadcast message carrying 
common system information to MSs within the cell or on a 
unicast message directed to an individual UE. In another 
exemplary embodiment, the BS may include the hybrid 
beam forming capability fields in a request message request 
ing a CSI, COI or MIMO feedback, transmitted to an indi 
vidual MS. 
As is apparent from the above description, exemplary 

embodiments of the present invention can mitigate a large 
propagation loss in a millimeter-wave band and maximize 
efficiency and diversity by additional use of MIMO/BF by 
performing an efficiency hybrid beam forming scheme in 
which one or more best beams are selected from a set of one 
or more analog beams having directivity on uplink/downlink 
and digital MIMO/BF is performed in the selected beams 
during transmission and reception between an MS and a BS in 
an analog and digital hybrid beam forming structure. 

At this point it should be noted that the exemplary embodi 
ments of the present disclosure as described above typically 
involve the processing of input data and the generation of 
output data to Some extent. This input data processing and 
output data generation may be implemented in hardware or 
Software in combination with hardware. For example, spe 
cific electronic components may be employed in a mobile 
device or similar or related circuitry for implementing the 
functions associated with the exemplary embodiments of the 
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present invention as described above. Alternatively, one or 
more processors operating in accordance with stored instruc 
tions may implement the functions associated with the exem 
plary embodiments of the present invention as described 
above. If such is the case, it is within the scope of the present 
disclosure that such instructions may be stored on one or more 
processor readable mediums. Examples of the processor 
readable mediums include Read-Only Memory (ROM), Ran 
dom-Access Memory (RAM), CD-ROMs, magnetic tapes, 
floppy disks, and optical data storage devices. The processor 
readable mediums can also be distributed over network 
coupled computer systems so that the instructions are stored 
and executed in a distributed fashion. Also, functional com 
puter programs, instructions, and instruction segments for 
accomplishing the present invention can be easily construed 
by programmers skilled in the art to which the present inven 
tion pertains 

While the invention has been shown and described with 
reference to certain exemplary embodiments thereof, it will 
be understood by those skilled in the art that various changes 
in form and details may be made therein without departing 
from the spirit and scope of the invention as defined by the 
appended claims and their equivalents. 
What is claimed is: 
1. A communication method of a receiver using analog and 

digital hybrid beam forming, the method comprising: 
receiving, from a transmitter, a first message including 

information related to measurement for beam forming; 
transmitting, to the transmitter, report information about at 

least one transmission beam selected from among a plu 
rality of transmission beams based on the first message; 

receiving, from the transmitter, a second message includ 
ing information about at least one transmission beam 
selected by the transmitter based on the report informa 
tion; 

estimating a channel for the at least one transmission beam 
selected by the transmitter; 

determining feedback information for digital beam form 
ing based on the channel estimation result on the at least 
one transmission beam selected by the transmitter; 

transmitting the feedback information to the transmitter; 
and 

receiving, from the transmitter, data being scheduled based 
on the feedback information according to a multiple 
input multiple output (MIMO) mode determined based 
on the feedback information. 

2. The method of claim 1, wherein each transmission beam 
is formed by at least one radio frequency (RF) chain or 
antenna array selected from among a plurality of RF chains or 
antenna arrays of the transmitter. 

3. The method of claim 1, wherein the report information 
includes first information indicating at last one selected trans 
mission RF chain or antenna array and second information 
indicating at least one transmission beam selected for each of 
the at least one selected transmission RF chain or antenna 
array. 

4. The method of claim 1, wherein the feedback informa 
tion for digital beam forming includes information about at 
least one of one or more transmission RF chains, one or more 
transmission antenna arrays, a MIMO mode, a MIMO rank, 
the number of MIMO streams, a MIMO precoder, a MIMO 
codebook, channel quality information, and a modulation and 
coding scheme (MCS) level. 

5. The method of claim 1, wherein the feedback informa 
tion for digital beam forming includes information about at 
least one of an effective channel matrix estimated by the 
channel estimation result, a normalized effective channel 
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matrix, a decomposed effective channel matrix, a covariance 
matrix of the effective channel matrix, elements of the effec 
tive channel matrix, and information required to reconfigure 
the effective channel matrix. 

6. The method of claim 1, wherein the first message 
includes at least one of the number of transmission RF chains 
to be reported, the number of transmission antenna arrays to 
be reported, the number of transmission beams per transmis 
sion RF chain or transmission antenna array to be reported, 
the number of transmission beams to be reported, the number 
of beam pairs to be reported, the number of transmission 
beams per reception beam to be reported, the number of 
reception beams to be reported, the number of MIMO 
streams, a channel quality condition used to select a transmis 
sion beam or a pair of a transmission beam and a reception 
beam, a MIMO mode to be fedback, a supported MIMO rank, 
and the number of supported MIMO streams. 

7. The method of claim 6, wherein the channel quality 
condition includes at least one of a signal to interference and 
noise ratio (SINR) or signal strength threshold, a relative 
threshold, a standard deviation threshold, and a correlation 
threshold, for use in selecting a transmission beam. 

8. The method of claim 1, further comprising determining 
at least one pair of the at least one transmission beam and at 
least one reception beam corresponding to the at least one 
transmission beam. 

9. The method of claim 1, further comprising: 
Selecting a transmission beam having a signal to interfer 

ence and noise ratio (SINR) or signal strength equal to or 
larger thana threshold from among the plurality of trans 
mission beams; 

selecting a transmission beam having an SINR or signal 
strength different from a predetermined reference value 
by a given relative threshold from among the plurality of 
transmission beams; 

Selecting a transmission beam having an SINR standard 
deviation or signal strength standard deviation equal to 
or larger than a threshold from among the plurality of 
transmission beams; and 

Selecting a pair of transmission beams having a correlation 
equal to or larger than a threshold from among the plu 
rality of transmission beams. 

10. The method of claim 1, wherein the determining of the 
feedback information for digital beam forming comprises: 

determining an effective channel matrix based on a 
Selected transmission RF chain or antenna array and a 
transmission beam corresponding to the selected trans 
mission RF chain or antenna array; 

Selecting a precoder or codebook that maximizes a signal 
to noise ratio (SNR) of each MIMO stream or a channel 
capacity, estimated with respect to a supported MIMO 
rank or the number of supported MIMO streams; 

estimating an effective carrier to interference and noise 
ratio (CINR) according to the selected precoder or code 
book; and 

generating the feedback information for digital beam form 
ing with information about at least one of the selected 
precoder or codebook and the effective CINR. 

11. A communication method of a transmitter using analog 
and digital hybrid beam forming, the method comprising: 

transmitting, to a receiver, a first message including infor 
mation related to measurement for beam forming of a 
plurality of transmission beams; 

receiving, from the receiver, report information about at 
least one transmission beam selected based on the first 
message; 

Selecting at least one transmission beam for the receiver 
based on the report information; 
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transmitting, to the receiver, a second message including 

information about the at least one selected transmission 
beam for the receiver; 

receiving, from the receiver, feedback information for digi 
tal beam forming, the feedback information being deter 
mined based on a channel estimation result on the at least 
one selected transmission beam for the receiver, and 

transmitting, to the receiver, data being scheduled based on 
the feedback information according to a multiple input 
multiple output (MIMO) mode determined based on the 
feedback information. 

12. The method of claim 11, wherein each transmission 
beam is formed by at least one radio frequency (RF) chain or 
antenna array selected from among a plurality of RF chains or 
antenna arrays of the transmitter. 

13. The method of claim 11, wherein the report information 
includes first information indicating at least one selected 
transmission RF chain orantenna array and second informa 
tion indicating at least one transmission beam selected for 
each of the at least one selected transmission RF chain or 
antenna array. 

14. The method of claim 11, wherein the feedback infor 
mation for digital beam forming includes information about at 
least one of one or more transmission RF chains, one or more 
transmission antenna arrays, a MIMO mode, a MIMO rank, 
the number of MIMO streams, a MIMO precoder, a MIMO 
codebook, channel quality information, and a modulation and 
coding scheme (MCS) level. 

15. The method of claim 11, wherein the feedback infor 
mation for digital beam forming includes information about at 
least one of an effective channel matrix estimated by the 
channel estimation result, a normalized effective channel 
matrix, a decomposed effective channel matrix, a covariance 
matrix of the effective channel matrix, elements of the effec 
tive channel matrix, and information required to reconfigure 
the effective channel matrix. 

16. The method of claim 11, wherein the first message 
includes at least one of the number of transmission RF chains 
to be reported, the number of transmission antenna arrays to 
be reported, the number of transmission beams per transmis 
sion RF chain or transmission antenna array to be reported, 
the number of transmission beams to be reported, the number 
of beam pairs to be reported, the number of transmission 
beams per reception beam to be reported, the number of 
reception beams to be reported, the number of MIMO 
streams, a channel quality condition used to select a transmis 
sion beam or a pair of a transmission beam and a reception 
beam, a MIMO mode to be fedback, a supported MIMO rank, 
and the number of supported MIMO streams. 

17. The method of claim 16, wherein the channel quality 
condition includes at least one of a signal to interference and 
noise ratio (SINR) or signal strength threshold, a relative 
threshold, a standard deviation threshold, and a correlation 
threshold, for use in selecting a transmission beam. 

18. The method of claim 11, further comprising determin 
ing at least one pair of the at least one transmission beam and 
at least one reception beam corresponding to the at least one 
transmission beam. 

19. A mobile station (MS) for performing communication 
using analog and digital hybrid beam forming, the MS com 
prising: 

a transceiver, and 
at least one processor configured to control digital beam 

forming and analog beam forming of the transceiver, 
wherein the at least one processor is configured to: 

receive, from a transmitter, a first message including 
information related to measurement for beam form 
ing, 
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transmit, to the transmitter, report information about at 
least one transmission beam selected from among a 
plurality of transmission beams based on the first 
message, 

receive, from the transmitter, a second message includ 
ing information about at least one transmission beam 
selected by the transmitter based on the report infor 
mation, 

estimate a channel for the at least one transmission beam 
selected by the transmitter, 

determine feedback information for digital beam form 
ing based on the channel estimation result on the at 
least one transmission beam selected by the transmit 
ter, 

transmit, to the transmitter, the feedback information, 
and 

receive, from the transmitter, data being scheduled 
based on the feedback information according to a 
multiple input multiple output (MIMO) mode deter 
mined based on the feedback information. 

20. A base station (BS) for performing communication 
using analog and digital hybrid beam forming, the BS com 
prising: 

10 

15 

24 
transceiver, and 
at least one processor configured to control digital beam 

forming and analog beam forming of the transceiver, 
wherein the controller is configured to: 

transmit, to a receiver, a first message including infor 
mation related to measurement for beam forming of a 
plurality of transmission beams, 

receive, from the receiver, report information about at 
least one transmission beam selected based on the first 
message, 

Select at least one transmission beam for the receiver 
based on the report information, 

transmit, to the receiver, a second message including 
information about the at least one selected transmis 
sion beam, 

receive, from the receiver, feedback information for 
digital beam forming, the feedback information being 
determined based on a channel estimation result on 
the at least one selected transmission beam, and 

transmit data being scheduled based on the feedback 
information according to a multiple input multiple 
output (MIMO) mode determined based on the feed 
back information. 

k k k k k 
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