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POWER ALLOCATION AND PRECODING MATRIX COMPUTATION METHOD
IN A WIRELESS COMMUNICATION SYSTEM
This application claims the benefit of U.S. Provisional Application No. 62/185,674, filed on
Jun. 28, 2015.
FIELD OF THE INVENTION
[0001] The disclosed inventions relate generally to wireless communication, and in
particular, to the mechanism for a Base Station (BS) to allocate power and precode the signal
before it is transmitted to the User Equipment (UE) in massive Multiple-Input Multiple-
Output (MIMO) communication systems.
BACKGROUND
[0002] Large-scale MIMO systems or massive MIMO systems were firstly introduced in
[1] where each BS is equipped with dozens to several hundreds of transmit antennas. One
main advantage of such systems is the potential capability to offer linear capacity growth
without increasing power or bandwidth [1]-{4], which is realized by employing Multi-User
MIMO (MU-MIMO) to achieve the significant higher spatial multiplexing gains than
conventional systems. In this system, the BS groups UEs at each scheduling slot and
transmits data to them on the same time and frequency resource.
[0003] It has been proved that Zero-Forcing (ZF) precoding with a total transmitting power
constraint is almost the best choice to maximize the sum rate for large-scale MU-MIMO
systems [2]. However, in practice, the power of each antenna is restricted instead of the total
power. It means that maximizing the power utilization requires the sum power of all users at
each antenna to be the same. Unfortunately, it is generally not the case in practice, because of
the randomness of the ZF precoding matrix. As a result, it causes a dilemma to the BS: on the
one hand, ZF precoding could not fully use the transmit power, which leads to throughput
loss; on the other hand, full power utilization means that there exists residual interference
among the grouped users, since the ZF precoding matrix is violated, which also results in
throughput loss. Conjugate Beamforming (CB) is another practical precoding method for
MU-MIMO precoding in large-scale MIMO communication systems because of its simplicity
for implementation. Similarly to ZF, CB also faces the optimal power allocation problem
when the power of each antenna is restricted. Therefore, more sophisticated power allocation
methods are needed to maximum the sum rate of MU-MIMO systems. Due to the
aforementioned reasons, this invention provides four different methods to allocate the power
to each data stream based on two different optimization objectives when ZF precoding is

employed by the BS. In addition, a simple power allocation method is also offered when CB
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is employed by the BS. The advantages of this invention include: 1. when ZF precoding is
employed, two of the four power allocation methods have better performance than the rest
two in the low Signal-to-Noise Ratio (SNR) region and vice versa, so different power
allocation methods could be employed in different SNR regions to achieve the maximum sum
rate of MU-MIMO systems; 2. when CB is employed, a very simple power allocation method
could be employed with little sum rate loss; 3. the sum rate losses of all methods provided in
this invention are negligible compared to the case where the total transmitting power instead
of the per-antenna power is constrained; 4. most importantly, these methods are not affected
by a scaling factor of each channel vector so channel estimation with an arbitrary scaling
factor would be sufficient, which alleviates the accuracy requirement of channel
measurement in massive MIMO systems.
SUMMARY OF THE INVENTION

[0004] This application provides several methods to complete power allocation and
precoding matrix computation in MU-MIMO systems. For ZF precoding, two methods are
provided to maximize the power utilization, where one is based on orthogonal projection
while the other one is based on iterative searching the optimal solution in the constraint
domain. In addition, two more methods are provided to minimize the inter-user interference
among UEs in the MU-MIMO user group, where one is based on linear scaling while the
other one is based on iterative searching. Among the four methods, the first two methods are
the better choices in the low SNR region while the latter two methods are the better choices
in the high SNR region. For CB, a simple but rate-lossless method is provided where the
power of each antenna could be totally consumed.

BRIEF DESCRIPTION OF THE DRAWINGS
[0005] The aforementioned implementation of the invention as well as additional
implementations would be more clearly understood as a result of the following detailed
description of the various aspects of the invention when taken in conjunction with the
drawings. Like reference numerals refer to corresponding parts throughout the several views
of the drawings.
[0006] Fig. 1 shows the block diagram illustrating the iteration process of searching the
optimal solution to (12).
[0007] Fig. 2 shows the block diagram illustrating the iteration process of searching the
optimal solution to (19).
[0008] Fig. 3 shows a block diagram illustrating the process of power allocation and

precoding matrix computation.
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DETAILED DESCRIPTION OF THE PREFFERD EMBODIMENTS

[0009] For a large-scale MIMO system, suppose that the number of antennas at the BS
side is M, and the number of multiplexed data streams is K in the downlink on a Resource
Element (RE) such as a subcarrier, or a Resource Block (RB), etc. Note that the K data
streams belong to N users, where N < K. Suppose that the channel matrix corresponding to
the K data streams is H = [h; h, -+ hg]T, which may be acquired by BS through uplink
channel measurement or uplink feedback channel.
[0010] The K modulated signals on the current RE are precoded by a matrix W before
being further processed, where W has the dimension of M X K and the (m,k)th element is
Wk, wherem=1,2,--,M,and k = 1,2, K.
[0011] If the ZF precoding method is employed, the BS firstly computes a temporary
matrix

H™ = HH (HH) T, (1)
then the (m,k)th element of the matrix H™ can be written as

mi = |he|efme. @)

[0012] Let PNt PNt ..., PANt denote the power allocated to the current RE belonging to

the M antennas respectively, then the power allocated to the kth data stream by the BS is Py,

which satisfies YX_, P, = M _, B3, One possible example is
_ Zmea PR
py = Zz P 3)

[0013] In order to complete the power allocation, four methods belonging to two
categories are provided in this invention, where the first category is based on maximizing the
power utilization, while the second one is based on minimizing the inter-user interference.
[0014] Category-1: maximizing the power utilization.

[0015] In this category, the BS constructs an (M + K — 1) X MK matrix A by deleting the

kq4th row vector of the following temporary matrix

11..100..0..00.. 0]
00..011,..1..00..0
AT=00...000...0...11...1, (4)
10:-+-010:-0--10--0
01--001---0--01:0

where the (i,j)th element of A satisfies the conditions
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1, ifl<i<Kj=G—-1DM+Ll=1- M,
0, ifl<i<Kj#z(@(—-1M+Ll=1- M,
LifK+1<i<K+Mj=IM+({—-K),l=0-,K—1,
0,ifK+1<i<K+Mj#IM+({—-K),l=0,-,K—1,

a;j = (5
and kq € {1,---, MK} may be any one of the MK possible values.
[0016] The BS constructs an (M + K — 1) X 1 vector b by deleting the kqth element of
the temporary vector
by = [Py - Py P o PEMT. (©)
[0017] An MK X 1 vector r is constructed as
r=[ry o Ty izt Tz Tak ot Tk (N

where the elements of r satisfy

. 2

mv
T k
mk=| o lm=1,-,Mk=1,- K, (8)
Tk |hg]

e.g., Tmg=|hiny ?

[0018] With the matrix A and vectors b and r, two possible methods could be used to
compute the power allocated to each data stream on each antenna.

[0019] Method-1: orthogonal projection.

[0020] In this method, the BS projects the vector r into the solution space of the equation

Ax = b firstly by
5= [1 — KT(KKT)‘lz”\] i, 9)
where A = [Ab] and ¥ = [rT — a] with a being a positive real number. Then, the elements

of power allocation matrix are computed as

__ plmk)
Pmk = F(MK+1)’

=1 Mk=1,-,K. (10)

[0021] Method-2: iterative searching.
[0022] In this method, the power allocation vector is computed by solving the following
problem

min||p — r|l3,
s.tAp—b =0, (1D
-p=0

[0023] The problem (11) can be solved by iterative searching in the constraint domain.

One possible solution is to firstly transform (11) into an equivalent problem

minf (t,p) = —tllp — rllZ — X% p;, 12)
s.ttAp = Db,
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then the iterative searching process in Fig. 1 is used to find the optimal p. Specifically, after
the searching process starts 1, the input parameters are initialized ast > 0, &, > 0, & > 0,
po € {Ap =Db, p; =0}, u > 0, and y > 0, where €, and €; are endurable errors for the outer

and inner searching cycles respectively, p, is an initial power allocation matrix, while ¢ and
oo . . 1
y are two adjusting parameters 2. Then, the outer searching cycle runs while — - {‘i’i D > &

3, and the inner searching cycle runs while A(p)/2 > &; 4. Inside the inner cycle, the first
2 T —
step is to solve the equation [VAf p ?) ] [A)I;t] = [ (V)f p], where y is an adjusting parameter

5. Then, the Newton decrement is calculated as A(p) = Ap;V2f,Ap, 6. After that, the
variable p is updated as p « p + yAp, 7. After the inner cycle ends 8, the parameter ¢ is
updated as t <« ut 9. After the outer cycle ends 10, the whole process ends 11. Finally, the
vector p is reshaped to a matrix with elements p,,,,, m=1,--- , M, and k =1, --- , K.

[0024] With p,,;, the elements w,,;, of the precoding matrix W can be computed as

Wik = /Pm@8me,m =1, Mk =1, K.  (13)

[0025] Category-2: minimizing the inter-user interference.
[0026] In this category, two possible methods are provided to minimize the inter-user
interference.
[0027] Method-1: linear scaling.
[0028] In this method, the BS computes a temporary power allocation matrix with

: 2
Pk|h¥3¥|

IR firstly, where DY is the same as in (2), then computes the power
Ym=1 Pk

elements P =

consumed on each antenna as Q,,, = Y X_, Pk, m = 1,---, M. After that, the BS chooses the
maximum value of @,,, which is denoted as Q.. Finally, the power allocation matrix is

computed as

g Pal’lt
Doie = KM e Mk = 1, K. (14)
Qmax
[0029] Method-2: iterative water-filling method.

[0030] In this method, the BS constructs an (M + K) X K matrix A with a form of

a11 **° Ak
_ | %M1 Auk
A= -1 07 (15)

where the elements a,,,, m = 1,---,M,and k = 1, -+, K, satisfy
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han

(|— m=1--,Mk=1,-,K,

i, i) (16)
1L,m=M+k,
0, otherwise.

Amk =

[0031] The BS constructs an (M + K) X 1 vector b as

b = [PAt ... panto ...0]". a7
[0032] Let the power allocation vector p° be ps = [P} --- P$]Y, where P§, k =1,---,K,
are the power allocated to the kth data stream. Then, p® can be obtained by solving the
following optimization problem

min — Y.K_; log(1 + g, PS),

s.tLApS—b <0, (18)

el

o1

where g, = denotes the Signal-to-Interference-plus-Noise Ratio (SINR) of the kth

stream with 3, being the power of the noise and interference.

[0033] Problem (18) can be solved by iterative searching in the constraint domain. One
possible solution is to firstly transform (18) into an equivalent problem

minG,(p*) = min[—t ¥{_; log(1 + g, P¢) — k21 log fi(p*].  (19)

where f;(p%) = a] p* — b; and a] is the ith column vector of A. Then, the iterative searching
process in Fig. 2 is used to find the optimal p®. Specifically, after the searching process starts
12, the input parameters are initialized as t > 0, &, > 0, & > 0,p5 € {Ap*—b <0, p; = 0},
u >0, and ¥y > 0, where €, and €; are endurable errors for the outer and inner searching

cycles respectively, while ¢ and y are two adjusting parameters 13. Then, the outer searching
cycle runs while ——ZM+K log f;(p%) > ¢, 14, and the inner searching cycle runs while

A(p®)/2 > & 15. Inside the inner cycle, the first step is to calculate the decrement Ap® =
—V2G.(pS) VG, (p%) 16. After that, the Newton decrement is calculated as A =
VG (p®) V26, (p®) "1VG,.(p®) 17. Then, the variable p® is updated as pS « p® + yAp® 18.
After the inner cycle ends 19, the parameter ¢ is updated as ¢ « ut 20. After the outer cycle
ends 21, the whole process ends 22.

[0034] With the solution of problem (19), the power allocation matrix can be computed as

: 2
S h‘lnllv
pmk—Lk'z,m=1,---,M,k=1,"',K- (20)

|h1nv
[0035] With p,,, in (20), the elements w,,; of the precoding matrix W can be computed
by Wk = /pmkejemk’ m= 1, ---,M’ and k = 1, ,K
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[0036] If CB is employed by the BS, it firstly computes the phases of the elements of
precoding matrix W as
ka:_gmkjm: 1,“‘,M,k: 1,“‘,K, (21)

then it computes the elements of the precoding matrix W as

Wy = \%e]'@mk,m =1--,Mk=1,-,K. (22)

[0037] The process of power allocation and precoding matrix computation is illustrated in
Fig. 3. Specifically, after the process starts 23, the BS determines the precoding method first
24. Then, the BS computes the phase of each element of the precoding matrix 8,,; 25. Next,
the BS computes the power of each data stream on each antenna p,,; 26. After that, the BS
computes each elements of the precoding matrix as Wy, = pyie®mk 27, before the process
ends 28.

[0038] With the precoding matrix W, the signals belonging to these K data streams are

precoded, further processed, and sent by the M antennas.

[0039] Although the foregoing descriptions of the preferred embodiments of the present
inventions have shown, described, or illustrated the fundamental novel features or principles
of the inventions, it is understood that various omissions, substitutions, and changes in the
form of the detail of the methods, elements or apparatuses as illustrated, as well as the uses
thereof, may be made by those skilled in the art without departing from the spirit of the
present inventions. Hence, the scope of the present inventions should not be limited to the
foregoing descriptions. Rather, the principles of the inventions may be applied to a wide
range of methods, systems, and apparatuses, to achieve the advantages described herein and

to achieve other advantages or to satisfy other objectives as well.
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CLAIMS

We claim

1.

10.

11.

A method for power allocation in MU-MIMO wireless communication systems
comprising a BS with an array of M antennas serving K data streams in a Resource
Element where M>K; and the BS allocating the power to maximize the power utilization.
The method in claim 1 wherein the BS maximizes the power utilization by orthogonal
projection.

The method in claim 1 wherein the BS maximizes the power utilization by iterative
searching.

The method in claim 1 further comprising the BS constructing special matrices and
vectors based on numbers and values related to the antennas, the allocated power to each
data stream, the channel quality; the BS calculating the power allocated to each data
stream on each antenna using the constructed special matrices and vectors, and using the
calculated results to obtain a final beamforming matrix to maximizes the power
utilization.

The method in claim 4 wherein the BS calculates the power allocated to each data stream
on each antenna by orthogonal projection using the constructed special matrices and
vectors.

The method in claim 4 wherein the BS calculates the power allocated to each data stream
on each antenna by iterative searching using the constructed special matrices and vectors.
A method for power allocation in MU-MIMO wireless communication systems
comprising a BS with an array of M antennas serving K data streams in a Resource
Element where M>K; and the BS allocating the power to minimize the inter-user
interference.

The method in claim 7 wherein the BS minimizes the inter-user interference by linear
scaling.

The method in claim 8 wherein the BS minimizes the inter-user interference by linear
scaling of a temporary power allocation matrix to obtain the final power allocation
matrix.

The method in claim 7 wherein the BS minimizes the inter-user interference by iterative
searching.

The method in claim 10 wherein the BS constructing special matrices and vectors based

on numbers and values related to the antennas, the allocated power to each data stream,
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12.

and information on channel quality; and the BS using the constructed special matrices and
vectors to iteratively search for a power allocation that minimizes the inter-user
interference.

A method for power allocation in MU-MIMO wireless communication systems
comprising a BS selecting a precoding method; the BS computing the phase of each
element of the precoding matrix 6,,;; the BS computing the power of each data stream on

each antenna p,,;; and the BS computing each elements of the precoding matrix as

Wk = Pmk elPmk,
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Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This intemational search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

L D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafied in accordance with the second and third sentences of Rule 6.4(a).

Box No. 111  Observations where unity of invention is lacking (Continuation of item 3 of first shcet)

This International Searching Authority found multiple inventions in this international application, as follows:
See extra sheet.

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims,

2. D As all searchablc claiins could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. K{ No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-6

Remark on Protest D ‘I'he additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additivnal search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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_***_Continued from Box No. lIl Observations where unity of invention is lacking -***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group |: Claims 1-6 are directed towards maximizing power utilization.
Group |: Claims 7-11 are directed towards minimizing inter-user interference.
Group lIl: Claim 12 is directed towards a precoding method.

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

The special technical features of Group | include at least allocating the power to maximize the power utilization, which are not present in
Groups H-ill.

The special technical fealures of Group Il include at least power to minimize the inter-user interference, which are not present in Groups
{and Il

The special technical features of Group il include at least selecting a precoding method; the BS computing the phase of each element
of the precoding matrix ©.sub.mk; the BS computing the power of each data stream on each antenna p.sub.mk; and the BS computing
each elements of the precoding matrix as w.sub.mk = p.sub.mk*(e*(j@.sub.mk)), which are not present in Groups I-I1.

The common technical features shared by Groups I-lll are a method for power allocation in MU-MIMO wireless communication systems
comprising: a BS with an array of M antennas serving K data streams in a Resource Element where M2K; and the BS allocating the
power.

However, these common features are previously disclosed by US 2006/0098754 A1 to KIM, S et al. (hereinafter "Kim”"). Kim discloses a
method for power allocation in MU-MIMO wireless communication systems comprising (a method of power allocation in a multiuser
MIMO wireless communication system, paragraph [0022]): a BS with an array of M antennas serving K data streams in a Resource
Element where M2K (a Base station with an array of 6 (M) antennas serving 4 (K) data streams in a multiplexed stream group (resource
element) where 6 is greater than 4), figure 1, paragraphs [0020), [0022)); and the BS allocating the power (the Base Station allocates
power, paragraph [0020}).

Since the common technical features are previously disclosed by the Kim reference, these common features are not special and so
Groups |-l lack unity.
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