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OMNIDIRECTIONAL SPACE-TIME BLOCK CODING IN
MASSIVE MIMO SYSTEMS

Field of the Invention

The presented invention relates to cellular mobile communication systems using massive
arrays of antennas at the base station (BS) side, and more particularly, to a transmission approach
allowing the multi-antenna BS to use omnidirectional space-time block codes (STBCs) to
broadcast the common information to multiple user equipments (UEs) in massive multiple-input

multiple-output (MIMO) systems.

Background of the Invention

An emerging research area in multi-user MIMO communications is so-called massive MIMO
or large-scale MIMO systems. Unlike conventional multi-user MIMO systems that employ less
than ten antennas at the BS, a BS in massive MIMO systems is typically equipped with much
larger numbers of antennas, e.g., one hundred or more, which can be far more than the number of
UEs, e.g., 40, to be served by such BS.

Compared with conventional MIMO systems, massive MIMO systems have many significant
benefits. For example, with a substantial increase in the number of BS antennas, each antenna unit
can be made much smaller with a much lower cost. Also, since a large number of antennas can
provide more spatial freedom, the BS in any given cell can use the same time-frequency resources
to communicate with multiple UEs simultaneously, which can significantly improve the spectral
efficiency. The system power efficiency can also be improved because the massive antenna units
allow for a better spatial orientation between the BS and each UE in the cell for downlink and
uplink transmissions, which can significantly reduce the transmission power from both the BS and
UE sides. In addition, when there exist a sufficient number of BS antennas, the random channels
between each UE and the BS can be nearly orthogonal to each other, which can help eliminate
inter-cell and inter-user interferences and noise.

Despite the above mentioned technological advantages, however, current applications of
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massive MIMO may be constrained in view of existing transmission schemes. For example, in a
traditional cellular system, a public channel is often used to carry important common signals from
the BS to UEs, such as synchronization signals, reference signals within the cell, control command
signals, multimedia broadcast multicast service (MBMS) signals, and the like. These common
signals are targeted for all the UEs served by the BS rather than only certain active UEs. This is
the case when the BS is broadcasting the common control information or paging an inactive UE.
Since inactive UEs may be in silent or sleep mode, the BS cannot obtain these UEs’ downlink
channel state information (CSI) through uplink training in time division duplex (TDD) systems or
downlink training and then feedback in frequency division duplex (FDD) systems. Therefore, the
BS cannot serve them with spatially directional signaling. As an alternative approach, the
transmission scheme for the public channel should be such designed that it provides
omnidirectional signaling to ensure a cell-wide coverage.

Most existing transmission schemes providing omnidirectional signaling, such as
single-antenna transmission or cyclic delay diversity (CDD), may be incompatible with a massive
MIMO system. For example, for the single-antenna transmission, one single antenna is selected
from the transmit antennas of the BS to broadcast signals while the other antennas are kept silent.
In this case, the transmitted signal radiates isotropically in all spatial directions since there is no
constructive/destructive effect among antennas. However, it at the same time leads to transmission
power losses compared with the case that all antennas are used for broadcasting signals. This
power loss may be tolerable when the number of BS antennas is small, e.g., the losses are 3 dB
and 6 dB in a two-antenna and a four-antenna system, respectively. However, when the BS has a
large number of antennas, the power loss may be fatal and the communication link may fail to
work. Therefore, equal transmission power on each antenna is required to sufficiently utilize all
the power-amplifier (PA) capacities of the BS antenna array. CDD is a simple and useful
technique recommended for digital video broadcasting (DVB) and Long-Term Evolution (LTE).
However, it has been shown in the related reference that CDD is just pseudo-omnidirectional, i.e.,
the omnidirectional coverage is achieved only when different subcarriers are averaged. When
focusing on one single subcarrier, the radiation power mainly focuses on a small angle region.
Obviously the UE outside this region cannot receive a strong enough signal. In addition, with the

increase in the number of antennas in a massive MIMO system, pilot expenses may increase for
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CDD.

Besides omnidirectional coverage and PA utilization, spatial diversity is another important
issue needed to be concerned, which improves the reliability of the communication link. Therefore,
a need exists for an improved transmission scheme that can provide omnidirectional signaling
with efficient PA utilization and transmit diversity in a massive MIMO system without causing

additional pilot expenses or system complication.

Summary of the Invention

The presently disclosed embodiments are directed to solving issues relating to one or more of
the problems presented in the prior art, as well as providing additional features that will become
readily apparent by reference to the following detailed description when taken in conjunction with
the accompanying drawings.

The present invention provides several transmission approaches in terms of omnidirectional
STBC suitable for massive MIMO downlink broadcasting, with low expense of pilot overhead and
low complexity of system implementation, so that the signals transmitted from the BS have the
same signal powers in any spatial direction, thereby ensuring a full coverage of the cell; the
transmitting signals from all antenna units equipped in the BS can have the same signal powers,
thereby maximizing the power efficiency of each radio frequency unit and massive arrays of
antennas; further, the diversity order can be as much as that of a low-dimensional STBC employed
herein.

The illustrative embodiment of the present invention comprises: generating one K xT'
STBC within 7 transmission intervals (either in the time or frequency domain); applying an
M x K precoding matrix to this Kx7T STBC to generate one M xT STBC, wherein K is
much smaller than M; and transmitting said M xT STBC over M transmitting antennas in a BS
of said massive MIMO system.

Further features and advantages of the present disclosure, as well as the structure and
operation of various embodiments of the present disclosure, are described in detail below with

reference to the accompanying drawings.
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Brief Description of the Drawings

Fig. 1 is a block diagram showing an exemplary downlink transmission scenario between a
massive MIMO BS and some representative UEs, in which embodiments of the invention can be
implemented.

Fig. 2 is a diagram providing a simplified view of exemplary transmission paths or channels
in the downlink transmission scenario of Fig. 1, in which embodiments of the invention can be
implemented.

Fig. 3 is a flow diagram presenting part of an exemplary omnidirectional STBC scheme on
the BS side in a massive MIMO system in which embodiments of the invention can be
implemented.

Fig. 4 is a flow diagram presenting part of an exemplary omnidirectional STBC scheme on
the UE side in a massive MIMO system in which embodiments of the invention can be

implemented.

Detailed Description of Exemplary Embodiments

The following description is presented to enable a person of ordinary skill in the art to make
and use the invention. Descriptions of specific devices, techniques, and applications are provided
only as examples. Various modifications to the examples described herein will be readily apparent
to those of ordinary skill in the art, and the general principles defined herein may be applied to
other examples and applications without departing from the spirit and scope of the invention. Thus,
embodiments of the present invention are not intended to be limited to the examples described
herein and shown, but are to be accorded the scope consistent with the claims.

The word “exemplary” is used herein to mean “serving as an example or illustration.” Any
aspect or design described herein as “exemplary” is not necessarily to be construed as preferred or
advantageous over other aspects or designs.

Reference will now be made in detail to aspects of the subject technology, examples of which
are illustrated in the accompanying drawings, wherein like reference numerals refer to like
elements throughout.

It should be understood that the specific order or hierarchy of steps in the processes disclosed
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herein is an example of exemplary approaches. Based upon design preferences, it is understood
that the specific order or hierarchy of steps in the processes may be rearranged while remaining
within the scope of the present disclosure. The accompanying method claims present elements of
the various steps in a sample order, and are not meant to be limited to the specific order or
hierarchy presented.

Embodiments disclosed herein are directed to a downlink transmission approach in terms of
omnidirectional STBC in a massive MIMO system. Without limiting the generality of the
inventive embodiments, the transmission scheme described herein allows the system to have the
following characteristics in any given cell:

1) All transmitting signals by the BS to UEs, in any spatial direction, have identical signal
powers so as to ensure a full coverage of the cell;

2) All antenna units equipped in the BS have identical transmission powers so as to maximize
the power efficiency of each radio frequency channel and massive arrays of antennas;

3) The spatial diversity order can be as good as that of the low-dimensional STBC herein.

Specifically, in one embodiment, the transmission approach uses a low-dimensional
space-time coding scheme to generate a K x7 STBC matrix X, and based on X, using an
M x K precoding matrix W to generate an M xT STBC matrix WX for transmission over M
transmitting antennas within 7" transmission intervals, wherein K may be much smaller than M.

In a massive MIMO system, the BS sends massive amounts of data to multiple UEs via
downlink transmissions, in support of which various transmission schemes may be implemented.
For example, Fig. 1 presents one exemplary data transmission scenario that enables downlink
transmission from a BS to multiple UEs in all directions. As seen in Fig. 1, the BS is configured
with M transmit antennas, e.g., Tx antennas #1, #2, ... # M, where M can be over 64, for example,
128 or 256. Each UE can be equipped with one or more receive antennas. For purposes of
illustration only, each of the multiple UEs herein below is assumed to have a single receive
antenna. But it should be understood that such assumption does not limit the application of the
inventive embodiments in terms of how many antennas are configured in each UE.

When information bit streams are transmitted from the BS to UEs, they are usually processed
in the BS to generate transmit signals. Eventually the transmit signals are transmitted by multiple

transmitter units connected to multiple antenna units, such as the M number of antennas, via a
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downlink transmission to UEs in accordance with a particular transmission scheme. The
transmission paths or channels between the BS and UEs are illustrated in Fig. 2, as will be
described in details below.

As shown in Fig. 2, on the transmitting side, there are M transmit antennas #1, #2,....#M.
When signals are transmitted from the transmit antennas to the receive antenna, they travel

through transmission paths or channels, which are represented as an M-dimensional channel
vector h=[h,h,,....h,]". h provides important channel information for the receiving side to
decode the received signal. Here a frequency flat fading channel is assumed for purposes of
illustration only, which can be considered as a subcarrier channel in the OFDM transmission
framework.
A. Omnidirectional STBC in a Massive MIMO System

Fig. 3 is a flow diagram presenting part of the omnidirectional STBC scheme from the BS

perspective in a massive MIMO system. As shown in Fig. 3, on the transmitter side, the

transmission process 300 starts at step 310, where one or more information bit streams b, are
obtained after channel encoding and interleaving. At step 320, a low-dimensional STBC encoding
scheme is applied to the binary bit streams b, to generate a K x7, codeword matrix, denoted as
X, =[x,1),....x,(T;)]. This low-dimensional STBC encoding scheme can have various designs,

which will be described in detail in the next subsection. The low dimension, denoted by K, can be

as low as 2, 4 or 8, far less than the number of antennas M (e.g., 64, 128, or 256) in the massive

MIMO system. As such, the coded signal is a K-dimensional vector signal x,(n) at each

transmission interval #.

The transmission process 300 then proceeds to step 330 for pilot sequence insertion.

Specifically, the coded signal X, is periodically (in the time domain or frequency domain or
both) inserted with a sequence of K-dimensional pilot vector signals of length 7 . The pilot signal
is denoted as X, (1) for n=12,....T,, As a result of the pilot insertion, a signal X(n), is

generated, which is also a K-dimensional vector signal of length T, +T, . Next, at step 340, the

K-dimensional signal is spatially spread or expanded using a precoding matrix to obtain an
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M-dimensional vector signal as the transmit signal, wherein W isan M xK precoding matrix.
At step 350, the M-dimensional signal is transmitted by the large-scale array of antennas as the
digital baseband signal in the specific time and frequency resources for a public channel to UEs in
all spatial directions.

Fig. 4 presents a receiving process 400 of the omnidirectional STBC approach according to
embodiments of the invention. As shown in Fig. 4, at the receiver end, the process 400 starts at

step 410 where the digital baseband signal transmitted over the transmission channels or paths is

received by a single receive antenna at the receiver. The received signals, denoted as y(n),
include received pilot signals y (n) for n=12,..,T and received data signals y,(n) for

n=1,2,....T,. Based on the received pilot signals Y, (n) for n=1, 2,...,Tp , channel estimation

can be performed to obtain estimated values of the channel parameters at step 420. With the
estimated values of channel parameters and the received data signals, at step 430, space-time

decoding can be performed to recover the original binary bits. The recovered binary bits 440,
denoted as l;l . gives the UE useful data from the BS.
It should be noted that in wireless transmission systems that adopt channel encoding, the

original binary bits b, is usually resulted from channel coding and interleaving, and therefore,

the recovered binary bits l;l needs to go through additional processing, such as de-interleaving

and channel decoding, in order to recover the original information bit sequence. These steps are
not shown in details in the above processes 300 and 400, but can be incorporated without
departing the spirit of the invention.

Also, as will be described below, the above-mentioned channel estimation is actually an
estimate of the parameters of an equivalent channel in the precoding space, and the space-time
decoding is also performed in the equivalent channel.

Assuming that the channel is approximately invariant over the current resource block, the
digital baseband signal received by the receiver can be expressed by the following equation:

y() =h"Wx(n) + z(n)

=h"x(n) + z(n)

(1)

where h represents the channel between the BS and the UE, which comprises an



WO 2016/206032 PCT/CN2015/082292

M-dimensional channel vector, z(n) represents the additive white Gaussian noise (AWGN), and

h represents the equivalent channel in the precoding space, which is a K-dimensional channel
vector.

If, assuming in any given period of pilot insertion, there are T, pilot vector signals and T}
data vector signals, then the received pilot signals and data signals can be expressed by the
following two equations, respectively:

yp(n):l~1TXp(n)+zp(n),n=1,2,...,Tp )
yo(m)=h"x,(n)+z,(n),n=12,....T,
where z (n) and z,(n) represent the corresponding noise terms. Using these two equations,

channel estimation and space-time decoding can be performed at the receive side.

Further, if it is denoted that

Y, =[5, (0, 5, (2., v, ()T
X, =[x, (1).X,(2),...x,(T,)]

(3)

then the least square estimation (LSE) of equivalent channel h can be obtained from the

following equation:
h=(XX)"'Xy, (4)
In order to estimate the equivalent channel h at the receiver end, the pilot length 7, needs
to be greater than or equal to K, but it can be far less than M. This means that, the increase of M
would not affect 7, and thus would not cause additional pilot overhead. This is clearly

advantageous to conventional transmission schemes, which, as aforementioned, would require the

pilot length 7 to be at least M. Compared to existing transmission schemes, the above-described

transmission scheme according to embodiments of the invention can reduce the pilot overhead by
upto M /K times.
Based on the estimated value of h, the above equation (2) for data signal, and the specific

space-time coding method used in the system, the receiver end can obtain the recovered binary

bits l;l. Again, the original data signal b, can be resulted from additional processing steps, such
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as channel coding and interleaving. In that case, the recovered binary bits l;l needs to go through

additional processing, such as de-interleaving and channel decoding, in order to recover the
original information bit sequence.

It should be appreciated that the above-described processes at the transmitter side and
receiver side are for illustration only, and many variations or additional steps may be applied
without departing the spirit of the invention. Also, all signals in transmission are described in
singular form in the above processes, but it should be understood that a plurality of signals can be
transmitted in actual implementations.

B. Design Examples of the Omnidirectional STBC

The key components in the above-described omnidirectional STBC approach are the

encoding procedure of the low-dimensional STBC matrix X, and the corresponding precoding

matrix W . Thus, how to design such two matrices and the corresponding encoding procedure
properly becomes a determinative factor for the transmission scheme to provide efficient and
effective transmission.

In general, to ensure transmission performance, the transmission scheme needs to be so
designed as to allow the system to possess the following characteristics in any given cell: 1) The
signals transmitted from the BS, in any spatial direction, have the same signal powers, thereby
ensuring a full coverage of the cell; 2) The transmitting signals from all antenna units equipped in
the BS can have the same signal powers, thereby maximizing the power efficiency of each radio

frequency unit and massive arrays of antennas; and 3) The diversity order of the high-dimensional

STBC WX, can be the same as that of the low-dimensional STBC X .
The omnidirectional STBC matrix may be designed according to the following criteria:
1) All M rows of each column of WX, have the same 2-norm.
2) All M rows of each column of the matrix that results from WX, left-multiplying an

matrix constructed from the array manifold in discrete spatial directions (e. g. an M-point DFT

matrix for the uniform linear antenna array) have the same 2-norm.

3) The diversity order of the high-dimensional STBC WX, can be the same as that of the
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low-dimensional STBC X .

Below are some design examples of X,;,, W, and the corresponding encoding procedure

according to the above criteria for the case with an uniform linear antenna array. Moreover, the

corresponding decoding procedures are also presented.

Example 1: The resulted binary bits b, after channel encoding and interleaving are divided

into groups. The bits in each group are mapped to four PSK symbols x,x,,x,;,x,, where

jziL . j2xiL j2r(L-D/L .
X.% €Sp and x;,x, €e”"S . Spge =1le’ e } denotes the PSK constellation

and L in S,q is an even integer determining the modulation order. For example, L=2 and

L=4 correspond to BPSK and QPSK, respectively. Then these four modulation symbols

X, X,,%,,x, are used to construct the following 4x4 (corresponding to K =7, =4) STBC

matrix

X, = . (5)
X, —X X, —X
Next, the STBC matrix X, in (5) is multiplied with the following M x4 precoding matrix
W :diag(a)(lM,4 ®I4), (6)
where a is a CAZAC sequence of length M, e.g., a Zadoff-Chu sequence, diag(a) represents

the diagonal matrix whose diagonal elements comprising the vector a, 1,,,, isa column vector

of length M /4 whose elements are all 1, ® represents the Kronecker product. Finally, the

resulting M x4 STBC matrix WX, are transmitted from the M transmit antennas within 4

transmission intervals, either in the time or frequency domain.

The corresponding decoding procedure is as follows. Let y, =[y,(1), v,(2),..., v,(T,)]" be
the received signal at the UE side within 7, transmission intervals. The maximum likelihood

(ML) decoding of the four modulation symbols x,,x,,x,,x, can be expressed as

10
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(F. 5, &, &) =arg  min  t((y, - X{h)(y, - X(h) (7)
x3.x4€7 S pec

where h=W"h is the equivalent channel in the precoding domain, which can be obtained from

.

Example 2: The resulted binary bits b, after channel encoding and interleaving are divided
into groups. The bits in each group are mapped to two rotated-QAM symbols s, and s,, where
51,5, €S o Soaw =d {212 j,#3% j3,. £(2L-D* j(2L-1)} denotes the standard
QAM constellation. d and L in S, are used to normalize the mean energy and determine the
modulation order, respectively. For example, d =1/ J10 and L=2 correspond to 16QAM

while d=1//42 and L=4 correspond to 64QAM. Then these two modulation symbols are

used to generate four modulation symbols x;, x,, x,,x, with the following scheme

X, :x/E(IJrj)iR(sl)
xzzx/z(l—j)i}{(sz) (8)
x3=\/§(1+j)3(s1)
x4:\/§(j—1)3(s2

where R(:) and 3() denote the real part and the imaginary part, respectively. Then, these four

modulation symbols are used to construct the following 4x4 (corresponding to K =7,=4)

STBC matrix

X, = . (9)

Next, the STBC matrix X, in (9) are multiplied with the following M x4 precoding matrix
W:diag(a)(lM,4®H2®H2) (10)
where a is a CAZAC sequence of length M, e.g., a Zadoff-Chu sequence, diag (a) represents

the diagonal matrix whose diagonal elements comprising the vector a, 1,,,, 1is a column vector

11
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of length M /4 whose elements are all 1, ® represents the Kronecker product, and

1 1
H :LL J is the unitary 2x2 Hadamard matrix. Finally, the resulting M x4 STBC

2
matrix WX, are transmitted from the M transmit antennas within 4 transmission intervals, either
in the time or frequency domain.
The corresponding decoding procedure is as follows. Let y, :[yd(l),yd(Z),...,yd(Td)]T be

the received signal at the UE side within 7, transmission intervals. Since the actual modulation

symbols in the codeword matrix X, in (9) are s, and s,, the ML decoding of s, and s, can
be expressed as

(5,8, =arg min tr((y, - X,h" )y, - X ,h")) (11)
QAM

5482 el arctan(2)l2s

where h can be obtained from (4) and

5 El+j))m((S1§ (?j))m(?)) ;
3 1- HR(s,) —(1- jIR(s, 0
Xo=v2 ]0 ]0 (1+ )
0 0 (j-D)3(s,) -(1-J

Example 3: The resulted binary bits b, after channel encoding and interleaving are divided
into groups. The bits in each group are mapped to N PSK symbols x,,x,,....x, ., where
X(»Xysee» Xy € Spey - N can be an arbitrary even integer. S, ={1,e”*"",...,e”""* "} represents
the PSK constellation and L is an even integer determining the modulation order in S, . These N

symbols are then used to construct the K x7; STBC matrix X, as follows.

Let x,=[x,X,,....x,] . First, an (N+K—1)><K Toeplitz matrix A(Xd,N,K) 18

constructed as

12
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i 'xl 'XN 'foKJrZ_
Xy X
: X, . Xy
A(x,,N.K)=| x, S X, (13)
X Xn ' Xy
'fol : 'XN |
1.e.,
'xi—j+1+L i< .]
[A(Xd,N,K)l’j = X4 j<i<j+N. (14)
X g LZJ+N
Express the matrix A(Xd,N,K) in (13) as
A(x,,N,K)=[a,.a,,....a,] (15)

where a_  denotes the nth column of A(Xd,N,K), an (N+K—1)><K matrix B(Xd,N,K) 18
constructed as follows.

When N is odd, two matrices

AO (Xd,N,K) = [aj’az’a;’aw'"’a;—z’aK—l’aZJ (16)

*

A, (x,.N.K)= [aK,—aKfl,a,H,...,—a4,a3,—a2,aJ
and two vectors

%40 =[50, 00, 0] )

T
Xy, =[0,x2,0,x4,...,0,xN71]

are defined, respectively, where x,  keeps all the components of x; with odd indices and
replace the other components by zeros, and correspondingly x,, instead keeps all the

components of x, with even indices. Then an (N +K —1)><K matrix B(Xd,N K ) is defined

as

B(x,,N.K)=A,(x,,.N.K)+A, (x,.N.K), (18)

d,o? de?

Let X, = (B(Xd,N,K))T . This yields the codeword design. In this case, T, =N +K —1.

13
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When K is even, an (N+ K) X (K +1) matrix B(Xd,N,K +1) is first constructed from (18)
since K +1 is odd. Then the first column, first row, and last row of B(Xd,N ,K +1) are deleted.
Let X, be the transpose of the resulting (N +K - 2) x K matrix. This yields the codeword
design. In thiscase, T, =N +K -2.

Next, the STBC matrix X, obtained above is multiplied with the following M xK
precoding matrix
W:diag(a)(lM,K®IK) (19)
where a is a CAZAC sequence of length M, e.g., a Zadoff-Chu sequence, diag(a) represents

the diagonal matrix whose diagonal elements comprising the vector a, 1, is a column
vector of length M /K whose elements are all 1, ® represents the Kronecker product.
Finally, the resulting M xT, STBC matrix WX, is transmitted from the M transmit antennas
within 7 transmission intervals, either in the time or frequency domain.

The corresponding decoding procedure is as follows. With (2) we can rewrite the system

model as
(a0, 742y v T =0 X+ [2,(1), 24 (D), 2, (T)]. (20)
With the proposed encoding before, (20) have the following equivalent form

y,=Hx, +z, (21)

T
where x, =[x,x,,....,x,] and

d

_ {[yZ(l), 3. 343y YN+ K =2 3N+ K -1 Kisodd
[, (D), ¥5(2), ¥,3), i (4o, v, (N+ K =3), yi(N+ K =2)]" K iseven

The dimension of H is (N+K-1)xN or (N+K-2)xN when K is odd or even,

respectively. More specifically,
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[H], j<i<K+j
—[H], i> K+ j
[H],, = Hlu b=RTd , (23)
’ [H].,,;, i<j-N+K-I
0 other
where
[ ~= =~ ~x ~x T
h h, R he 0
0 h, -h,, ~h  h 0
: : : : K is odd
0 ok h, 0
s 0 0 h —h h
o)l 0 R AL .
hl }LZ hK*Z hKfl hK O O
hK _hl*f—l —h; 2 _hl* 0
: K : : K is even
0 hoooh he  hg
L hK _hl*f—l ' hz _hl* i

ﬁk denotes the kth element in h. With (21), the estimation of the modulation symbols in x,

with zero-forcing (ZF) or minimum mean squared error (MMSE) receiver can be expressed as

%, =Gy, (25)
where
G- (H"H)'H” ZF (26)
(H'H+o1)'"H? MMSE’

o’ denotes the noise variance.

While various embodiments of the invention have been described above, it should be
understood that they have been presented by way of example only, and not by way of limitation.
Likewise, the various diagrams may depict an example architectural or other configuration for the
disclosure, which is done to aid in understanding the features and functionality that can be
included in the disclosure. The disclosure is not restricted to the illustrated example architectures
or configurations, but can be implemented using a variety of alternative architectures and

configurations. Additionally, although the disclosure is described above in terms of various
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exemplary embodiments and implementations, it should be understood that the various features
and functionality described in one or more of the individual embodiments are not limited in their
applicability to the particular embodiment with which they are described. They instead can be
applied alone or in some combination, to one or more of the other embodiments of the disclosure,
whether or not such embodiments are described, and whether or not such features are presented as
being a part of a described embodiment. Thus the breadth and scope of the present disclosure
should not be limited by any of the above-described exemplary embodiments.

It will be appreciated that, for clarity purposes, the above description has described
embodiments of the invention with reference to different functional units and processors. However,
it will be apparent that any suitable distribution of functionality between different functional units,
processors or domains may be used without detracting from the invention. For example,
functionality illustrated to be performed by separate processors or controllers may be performed
by the same processor or controller. Hence, references to specific functional units are only to be
seen as references to suitable means for providing the described functionality, rather than
indicative of a strict logical or physical structure or organization.

Terms and phrases used in this document, and variations thereof, unless otherwise expressly
stated, should be construed as open ended as opposed to limiting. As examples of the foregoing:
the term “including” should be read as meaning “including, without limitation” or the like; the
term “example” is used to provide exemplary instances of the item in discussion, not an
exhaustive or limiting list thereof; and adjectives such as “conventional,” “traditional,” “normal,”
“standard,” “known”, and terms of similar meaning, should not be construed as limiting the item
described to a given time period, or to an item available as of a given time. But instead these terms
should be read to encompass conventional, traditional, normal, or standard technologies that may
be available, known now, or at any time in the future. Likewise, a group of items linked with the
conjunction “and” should not be read as requiring that each and every one of those items be
present in the grouping, but rather should be read as “and/or” unless expressly stated otherwise.
Similarly, a group of items linked with the conjunction “or” should not be read as requiring mutual
exclusivity among that group, but rather should also be read as “and/or” unless expressly stated
otherwise. Furthermore, although items, elements or components of the disclosure may be

described or claimed in the singular, the plural is contemplated to be within the scope thereof
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unless limitation to the singular is explicitly stated. The presence of broadening words and phrases

EEINT3

such as “one or more,” “at least,” “but not limited to”, or other like phrases in some instances shall
not be read to mean that the narrower case is intended or required in instances where such
broadening phrases may be absent.

Additionally, memory or other storage, as well as communication components, may be
employed in embodiments of the invention. It will be appreciated that, for clarity purposes, the
above description has described embodiments of the invention with reference to different
functional units and processors. However, it will be apparent that any suitable distribution of
functionality between different functional units, processing logic elements or domains may be
used without detracting from the invention. For example, functionality illustrated to be performed
by separate processing logic elements, or controllers, may be performed by the same processing
logic element, or controller. Hence, references to specific functional units are only to be seen as
references to suitable means for providing the described functionality, rather than indicative of a
strict logical or physical structure or organization.

Furthermore, although individually listed, a plurality of means, elements or method steps
may be implemented by, for example, a single unit or processing logic element. Additionally,
although individual features may be included in different claims, these may possibly be
advantageously combined. The inclusion in different claims does not imply that a combination of
features is not feasible and/or advantageous. Also, the inclusion of a feature in one category of

claims does not imply a limitation to this category, but rather the feature may be equally

applicable to other claim categories, as appropriate.
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WHAT IS CLAIMED IS:

1. A method for omnidirectional space-time block coding in massive MIMO systems,

comprising: generating one K x7; data block via space-time encoding; inserting one K x T,
pilot block to generate one K x (Td +7, ) signal block; applying an M x K precoding matrix
to said Kx (Td +7, ) signal block to generate one M x (Td +T ) signal block; and
transmitting said M x (7;1 + 7;)) signal block over M transmit antennas in a base station (BS)

of said massive MIMO system within 7, +7, transmission intervals.

2. The method of claim 1, further comprising: said M xK precoding matrix and the

space-time encoding scheme to generate said K x7, data block need to be jointly designed.

3. The method of claim 1, further comprising: K is much smaller than M.

4. The method of claim 1, further comprising: the decoding procedure at the user equipment
(UE) side does not need to know the actual M-dimensional channel between the BS and the
UE, but just needs to know the equivalent K-dimensional channel, which is composed by the

actual M-dimensional channel and said M x K precoding matrix.

5. The method of claim 1, further comprising: in the said KxT pilot block, it should be

satisfied that 7; >K.

6. The method of claim 1, 4 and 5, further comprising: assuming that the UE has single
antenna, let

h= by T

~ [hl’ }’l“z B B hM] (27)
h=W’h

be the actual M-dimensional channel vector between the BS and the UE, and the equivalent

K-dimensional channel vector, respectively, where W is said M xK precoding matrix.

Moreover, let
X, =[x,(1),x,(2),...,x (T)]

, (28)
¥y =05, (0,2, 3, (4]
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be the transmitted pilot signals at the BS and the received pilot signals at the UE within 7,
transmission intervals, respectively. The estimation of the equivalent channel can be obtained
by

= *vI\- 1y

h=(XX) Xy, (29)
()", ()" and ()" denote transpose, conjugate and inverse, respectively.

7. The method of claim 1, further comprising processing a binary bit stream to generate one
or more symbol streams, wherein said symbol streams are encoded with said space-time
encoding scheme to generate said K x 7, data block.

8. The method of claim 1, wherein the number of transmit antennas equipped in said BS is
M, wherein M is of or over the level of tens.

9. The method of claim 1, wherein signals transmitted from said BS in all spatial directions
have the same signal power.

10. The method of claim 1, wherein signals transmitted from all antenna units equipped in
said BS have the same transmission power.

11. The method of claim 1, wherein said space-time coding scheme provides a first degree
of diversity, said method providing a second degree of diversity that is as much as said first

degree of diversity.

12. The method of claim 1, 2, and 7, wherein said Kx7, data block and M xK

precoding matrix can have the following design. The binary bit stream are divided into groups.

The binary bits in each group are mapped to four PSK symbols x,x,,x,,x,, where
X,% €S and  x,x, €/ S - Sp =1L/ YEL denotes  the PSK
constellation and L in S,y is an even integer determining the modulation order. For

example, L=2 and L=4 correspond to BPSK and QPSK, respectively. Then these four

modulation symbols x,x,,x,,x, are used to construct said 4x4 (corresponding to

K =T, =4) data block
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X, = * . (30)

Said M x4 (corresponding to K =4) precoding matrix has the structure

W =diag(a)(1,,, ®1,), 3D
where a is a CAZAC sequence of length M, e.g., a Zadoff-Chu sequence, diag(a)
represents the diagonal matrix whose diagonal elements comprising the vector a, 1,,, isa

column vector of length A /4 whose clements are all 1, ® represents the Kronecker
product.

13.  The method of claim 12, has the following decoding procedure. Assuming the UE has

single antenna, let y, =[y,(1),y,(2),...,y,(T,)]" be the received signal at the UE side within
T, transmission intervals. The maximum likelihood (ML) decoding of the four modulation

symbols x,x,,x,,x, canbe expressed as

(.8, 8, %) =arg  min  tr((y, ~ Xgh)(y, - X{h) (32)
X3,%4 Eej”/LSPSK

where X, isasin (30) and h isasin (27). tr(") denotes trace.

14. The method of claim 1, 2, and 7, wherein said Kx7, data block and M xK

precoding matrix can have the following design. The binary bit stream are divided into groups.

The binary bits in each group are mapped to two rotated-QAM symbols s, and s,, where
5,8, €€’ o S =d - {H1E j, 13+ 3, £(2L 1)+ j(2L-1)} denotes the QAM
constellation. d and L in S, are used to normalize the mean energy and determine the
modulation order, respectively. For example, d =1/ V10 and L=2 correspond to 16QAM

while d=1/+/42 and L=4 correspond to 64QAM. Then these two modulation symbols

are used to generate four modulation symbols x,,x,,x;,x, with the following scheme
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b :\/5(1+j)m(sl)

xzzx/z(l—j)‘ﬁ(sz)

X, =\/§(1+j)3(s1 G
)642\/5(]—1)3(32

where R(:) and 3() denote the real part and the imaginary part, respectively. Then, these

four modulation symbols are used to construct said 4x4 (corresponding to K=T7,=4)

data block
X, = ) (34)

Said M x4 (corresponding to K =4) precoding matrix has the structure

W =diag(a)(1,,, ®H, ®H,) (3%5)
where a is a CAZAC sequence of length M, e.g., a Zadoff-Chu sequence, diag(a)

represents the diagonal matrix whose diagonal elements comprising the vector a, 1,,, isa

column vector of length A /4 whose clements are all 1, ® represents the Kronecker

1 1
product, and H, = L{ J is the unitary 2x2 Hadamard matrix.

211

15. The method of claim 14, has the following decoding procedure. Assuming the UE has

single antenna, let y, =[y, (1), y,(2),...,v,(T,)]" be the received signal at the UE side within
T, transmission intervals. The ML decoding of s, and s, can be expressed as

Gu8)=arg min,  tr((y, Xy, - Xh) (36)

155, ce’ arctan(l)/ZS

where

and h isasin (27).
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16. The method of claim 1, 2, and 7, wherein said Kx7, data block and M xK
precoding matrix have the following design. The binary bit stream are divided into groups.
The binary bits in each group are mapped to N PSK symbols x,x,,...,x, , where

- - . j2m/L j2m(L-1)/L
X, Xy, Xy €S - N can be an arbitrary even integer. Sy ={l.e’"",...,e }

represents the PSK constellation and L is an even integer determining the modulation order in

S, - These N symbols are then used to construct said K x7, data block X, as follows.
Let x,=[x,%,...,xy] . First, an (N+K-1)xK Toeplitz matrix A(x,,N,K) is

constructed as

i xl xN xN—KJrZ_
x2 xl :
: X, . Xy
A(XdN,K): Xy Do X, (38)
X Xn ' Xy
xK—l : xN |
1e.,
xi—j+1+L l<]
[A(xd,N,K)l_j =% j<i<j+N. (39)
X, L iZ2j+N
Express the matrix A(Xd,N K ) in (38) as
A(x;,N,K)=[a,a,,....a,| (40)

where a, denotes the nth column of A(x,,N,K),an (N+K-1)xK matrix B(x,,N,K)

is constructed as follows.

When N is odd, two matrices

Ao (Xd’N’K) :[ai,az,a;,az‘,...,a*K,zgaK—laa;J (41)

*

* *
A, (x4, N,K) :[aK,—aKfl,aKfz,...,—a4,a3,—a2,a1]

and two vectors
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Xd,o :[x1707x3707""xN*1’0]T (42)

T
Xy =[O,x2,0,x4,...,0,xN71]

are defined, respectively, where x,, keeps all the components of x, with odd indices and
replace the other components by zeros, and correspondingly x,  instead keeps all the

components of x, with even indices. Then an (N+K-1)xK matrix B(x,,N,K) is
defined as
B(x, N.K)=A, (x4, N.K)+ A, (x40, N.K), (43)
Let X, = (B(xd,N,K))T just yields said K x7, data block. In this case, T,=N+K 1.
When K is even, an (N+K)x(K +1) matrix B(x,,N,K +1) is first constructed from
(43) since K +1 is odd. Then the first column, first row, and last row of B(xd,N K +1) are
deleted. Let X, be the transpose of this resulted (N+K —2)xK matrix just yields said

K xT, datablock. In this case, 7, =N+K—2.
Said M x K precoding matrix has the structure
W =diag(a)(1,,, ®1,) (44)
where a is a CAZAC sequence of length M, e.g., a Zadoff-Chu sequence, diag(a)

represents the diagonal matrix whose diagonal elements comprising the vector a, 1,,. isa

column vector of length M /K whose elements are all 1, ® represents the Kronecker
product.

17. The method of claim 16, has the following decoding procedure. Assuming the UE

has single antenna, let {y,(1),v,(2),...,v,(T,)} be the received data signal at the UE side
within 7, transmission intervals. The estimation of the modulation symbols

X, =[x, %,,...,x,]" with zero-forcing (ZF) or minimum mean squared error (MMSE)

receiver can be expressed as

X, =Gy, (45)
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where

_ {[yZ(l),de),yZ (3),ys(®)se . ye(N+K =2), 3, (N+K -] K is odd
U .35, 730,558y (N +K =3),yi(N+ K =2)] K is even

and

ZF

47
MMSE “7

G- (H"H)"'H”
(H'H+o1)'H”

while &> denotes the noise variance. The dimension of H is (N+K-1)xN or

(N+K-2)xN when K is odd or even, respectively. More specifically,

[H],, J<i<K+j
qH] , . i>K+]
s = [Igl]j;lf.d i< j—]\]7+K—1’ 4o
0 other
where [H], ; denotes the (7, j)th element of H and
Bk R B0 - 0 o]
0 h, -h,, ~h, h 0 0
: : : : : K is odd
0 0 0 n hy he 0
a 0 0 0 - 0 Iy ~hy h |
- - . -, 7 (49)
ho R he, h., h 0 0
h, —h h'  h k' 0 0
: : : : : : K is even.
0 0 h h he,
0 0 he -—h, h, —h']|

};k in (49) denotes the kth element of h asin (27).
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