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prises calculating a plurality of interference strength indicat-
ors for different phase angles (0). The different phase angles
are applied successively to a precoding element (e/%*) of a
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Method and Apparatus for Determining a Precoding Matrix for Precoding Symbols
to be Transmitted to a Plurality of Wireless Devices

Description

Embodiments according to the invention relate to wireless communication systems,
especially wireless multiuser multiple-input multiple-output (MIMO) communications, and
particularly to a method and an apparatus for determining a precoding matrix for precoding
symbols to be transmitted to a plurality of wireless devices by a node of a wireless

communication system.

In the down link of multiuser MIMO communications systems, precoding design and the
scheduling of users are the key to achieve high capacity and low inter-user interference. A
precoding method with zero forcing (ZF) is mainly used for this purpose and it can cancel
out fully the inter-user interference if perfect channel state information is obtained at the

transceiver.

As another precoding method to realize the constant modulus property, a precoding
method of multiuser MIMO defined in Rel. 8 is available. Although this precoder has the
constant modulus property, it can not adequately mitigate low inter-user interference. This
is mainly because this method is based on single-user MIMO technologies and the number
of precoding matrices is limited by the number of codebooks.

An example for a conventional method is a ZF precoding based on channel vector
quantization (CVQ). At the eNB (evolved node B), the precoded signal xeC is
transmitted over M antennas and received by N antennas at the terminal. With the kth
users’ channel matrix H, € C"" and the complex white Gaussian noise term n, € C"

(each entry has variance one), the received signal can be written as

v, =Hx+n, (D

In case of non-codebook based precoding at the eNB, each terminal (wireless device)
provides a Channel Direction Indicator (CDI) together with a Channel Quality Indicator
(CQI) via the feedback channel. Here, the CDI is an entry in the codebook (usually
represented by a codebook index)
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C={ul,u2,...,u23} 2)

which is obtained via Channel Vector Quantization (CVQ) of the composite channel vector
h, =w H, e C" ie., the combination of the channel H, and the receive filter w, at
user k. Since the finally used Minimum Mean Square Error (MMSE) receive filter of user k
depends on the finally chosen precoder which is not known at the time of CVQ because the
channels of other users are unknown due to the non-cooperative nature of the downlink
channel, the receiver needs to be estimated as described in “3GPP, R1-070346, Philips,
“Comparison of MU-MIMO feedback schemes with multiple UE receive antennas’”. In
other words, the quantizer Q. computes not only the quantized composite channel vector

k.7 but also a receiver estimate wi both depending on the type of CVQ:
CDI: (ileﬁ",k,;;k) =Q.(H)) (3)

Due to the fact that the channels of other users and the finally chosen precoder is not
known when the feedback information is computed at a terminal, the SINR as the CQI
must be approximated by taking into account a rough estimate of the multiuser interference
caused by the imperfect channel state information at the eNB due to quantization (see
“3GPP, R1-070346, Philips, “Comparison of MU-MIMO feedback schemes with multiple

UE receive antennas™” for details):

B lgr 21 e - r
o~ H, wk”2 cos” 6, hy H! wk’
CQL:y, (g s, wi, H,)= 2 — ,c0s 0, = 4
L+ "B H w,| sin”6, |kak{2

Whereas the CQI values are used at the eNB to schedule the users in a greedy way as
described in 23GPP, R1-070346, Philips, “Comparison of MU-MIMO feedback schemes
with multiple UE receive antennas™ and “3GPP, R1-062483, Philips, “Comparison
between MU-MIMO codebook-based channel reporting techniques for LTE downlink™”
and to choose the proper MCS (Modulation and Coding Scheme), the CDIs are used to
generate the composite channel matrix H o € CPY with rows according to the quantized
composite channel vectors of the D scheduled users (wireless devices). Note that at
maximum one data stream (symbol) per user is assumed, thus, D is also the number of
simultaneously transmitted data streams. With s being the D-dimensional vector of
scheduled symbols and assuming a Zero-Forcing (ZF) transmission scheme, the ZF

precoder is computed as
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o~ —~ ~ H
P, =H. (Hy Hey ) )

The precoded signal computes as

x=P,Ds 6)
where D is a diagonal matrix with elements chosen for equal power loading.

Next, an implementation (Euclidean distance based CVQ) of the quantizer Q, is described.
Other implementations of quantizer like SINR based CVQ are also applicable.

Remember that one problem of CVQ is the fact that the finally chosen MMSE receive
filter (Minimum Mean Square Error receive filter) is not known when the terminal
computes the feedback information due to its dependency on the finally chosen precoder
and this precoder cannot be computed at the terminals because of the lack of knowledge
about the channel state information at other terminals (non-cooperative nature of the
downlink channel). To overcome this obstacle, one assumes firstly an arbitrary receive

filter. Since the resulting composite channel vector is then an arbitrary linear combination
of the rows of H, it lies in the row space of H, . This fact can be exploited for CVQ in

the sense that the codebook entry is chosen such that the distance to the row space of H is

minimized. However, for computing the CQI, one needs not only the quantized composite
channel vector but also an estimate of the receive filter. In the case of Euclidean distance
based CVQ, the receive filter is also chosen such that the resulting composite channel
vector in the row space of H, has the minimum Euclidean distance from the quantized
channel vector. Note that the optimization criterion of the resulting receive filter is no
longer the mean-squared error like in the finally applied MMSE receiver but the Euclidean
distance. This leads to a mismatch between true SINR and the one fed back as the CQI and
used for scheduling. Finally, the procedure of the Euclidean distance based CVQ method

can be summarized as follows:

b =argmax,_. | @7 u”2 ,H, =0, R, (QR decomposition)

OFld . H, 5 (hey 4, W, ), - _ (HHH) Q0! hor
s a8 0.0 by

2

™)

In the following, details of zero forcing (ZF) beamforming method are explained using
figures. Fig. 8a shows a schematic illustration of a multiuser MIMO (MU-MIMO) system



10

15

20

25

30

35

WO 2012/146739 PCT/EP2012/057809

with a base station and two wireless devices (user equipment UE). It illustrates a target
configuration for downlink transmission in a multiuser MIMO system. For this, a
precoding design and its optimization method for energy savings is desired. In this
example, the base station comprises four antennas and each wireless device comprises two
antennas. Further, Fig. 8b shows a schematic illustration of the precoding of data. The
precoding matrix is used for precoding data for each antenna of the base station and the
power amplifiers (PA) of each antenna amplify a corresponding data signal for

transmission,

For this, first the base station collects channel state information (,;l’eff to ,;L,eff) from the
wireless devices, as it is indicated in Fig. 9, where L is the number of the wireless devices.
For precoding with zero forcing (ZF) beamforming method, channel state information
Ry csr, Byt is received from the wireless devices at the node. Based on the feedback from
the wireless devices (the UE), a composite channel (composite channel matrix) H.s may be
calculated. The composite channel may indicate the combination of the measured channel
H at user £ and the received filter wy at user k. Then, the zero forcing ZF precoder Pzr may

be calculated.
Hcff = l,bl»eff seres hL,cffJ

1

The mathematical background for precoding data according to the zero forcing concept is
illustrated in Fig. 10. It shows an example for two transmit antennas (TX) and two wireless
devices (UE, user equipment). As it can be seen, the transmit power P,;, Py, between the
antennas is unequal. The precoded data is then transmitted to the wireless devices. At the
wireless devices the receive signals are filtered by a receive filter W to obtain the

transmitted data.

However, the ZF precoder (a device which has a precoding function is referred as a
precoder) obtained by Equation (5) doesn’t possess a constant modulus property. Here, the
constant modulus property means pure phase corrections - that is, with no amplitude
changes. Therefore, the ZF precoder unequally loads the transmit power for each antenna.
Each PA (power amplifier) needs to output higher transmit power than that of a precoder
fulfilling the property. As a result, the power consumption of each PA will become higher.
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It is the object of the present invention to provide an improved concept for determining a
precoding matrix for precoding symbols to be transmitted to a plurality of wireless devices
by a node of a wireless communication system, which allows to reduce the power
consumption for transmitting symbols to the plurality of wireless devices.

This object is solved by a method according to claim 1 or an apparatus according to claim
14.

An embodiment of the invention provides a method for determining a precoding matrix for
precoding symbols to be transmitted to a plurality of wireless devices by a node of a
wireless communication system. The precoding matrix comprises a precoding vector for
each wireless device of the plurality of wireless devices and each precoding vector
comprises a precoding element for each transmit antenna of a plurality of transmit antennas
of the node. Each precoding element represents a phase shifter being able to shift a phase
of a symbol to be transmitted through the corresponding transmit antenna to the
corresponding wireless device by a phase angle. The method comprises calculating a
plurality of interference strength indicators for different phase angles. The different phase
angles are applied successively to a precoding element of a precoding vector for the
calculation of the interference strength indicators. An interference strength indicator is
calculated based on a precoding matrix comprising the precoding element considering the
respective different phase angles. Further, the method comprises selecting for the
precoding element of the precoding vector a phase angle corresponding to a calculated
interference strength indicator fulfilling a predefined interference strength criterion.

Embodiments according to the present invention are based on the central idea that a
precoding matrix comprising a constant modulus property realized by precoding elements
being phase shifter while the phase angles for the phase shifters are determined by
considering an interference strength between wireless devices caused by a simultaneous
transmission of data to the wireless devices. In this way, the power consumption for
transmitting data to the plurality of wireless devices by the node can be significantly
reduced, since the different power amplifiers of the different antennas of the transmitter of
the node comprise equal transmitted power and power consumption, while the sum rate is

high due to low interference strength.

In some embodiments according to the invention all precoding elements of the precoding
matrix represent a phase shifter being able to shift the phase of a symbol to be transmitted
without changing an amplitude of the symbol. Therefore, the power consumption for a
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transmission of data through each transmit antenna of the plurality of transmit antennas of

the node may be equal.

Some embodiments according to the invention comprise precoding the symbols to be

transmitted to the plurality of wireless devices with the precoding matrix using the selected

phase angle for the precoding element of the precoding vector. The precoded symbols can

then be transmitted through the plurality of transmit antennas.

Embodiments according to the invention will be detailed subsequently referring to the

appended drawings, in which:

Fig. 1

Fig. 2

Fig. 3

Figs. 4a, 4b

Fig. 5a, 5b

Fig. 6

Fig. 7

Fig. 8a

Fig. 8b

is a flowchart of a method for determining a precoding matrix for precoding
symbols to be transmitted to a plurality of wireless devices;

is a schematic illustration of a transmission of data to wireless devices;

is a flowchart of a method for determining a precoding matrix for precoding
symbols to be transmitted to a plurality of wireless devices;

illustrate a schematic comparison of a proposed method with the known

zero forcing method;

are a schematic illustrations comparing the mathematical background of a
proposed method and the known zero forcing method;

is a diagram indicating a comparison of the performance of the proposed

method and a known channel vector quantization based zero forcing

multiuser multiple-input multiple-output method;
is a block diagram of an apparatus for determining a precoding matrix for
precoding symbols to be transmitted to a plurality of wireless devices;

is a schematic illustration of a multiuser multiple-input multiple-output

system,;

is a schematic illustration of the precoding of data;
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Fig. 9 is a schematic illustration of the reception of channel state information;

Fig. 10 is an illustration of the mathematical background of the known zero forcing
method; and

In the following, the same reference numerals are partly used for objects and functional
units having the same or similar functional properties and the description thereof with
regard to a figure shall apply also to other figures in order to reduce redundancy in the

description of the embodiments.

Fig. 1 shows a flowchart of a method 100 for determining a precoding matrix Pcy
(optimized precoding matrix) for precoding symbols s to be transmitted to a plurality of
wireless devices by a node of a wireless communication system according to an
embodiment of the invention. The precoding matrix Pcy, P comprises a precoding vector
i for each wireless device of the plurality of wireless devices and each precoding vector py
comprises a precoding element e’%* for each transmit antenna of the plurality of transmit

" ]
7%+ represents a phase shifter

antennas of the node. Further, each precoding element e
being able to shift a phase of a symbol s to be transmitted through the corresponding
transmit antenna to the corresponding wireless device by a phase angle. The method 100
comprises calculating 110 a plurality of interference strength indicators for different phase
angles 0. The different phase angles are applied successively to a precoding element ¢’%*
of a precoding vector p; for the calculation of the interference strength indicators. An
interference strength indicator is calculated based on a precoding matrix P comprising the
precoding element e’%* considering the respective different phase angles 6. Further, the
method 100 comprises selecting 120 a phase angle 6 corresponding to a calculated
interferences strength indicator fulfilling a pfedeﬁned interference strength criterion for the
precoding element e’** of the precoding vector px to obtain the precoding matrix Pcy
(optimized precoding matrix) for precoding symbols s to be transmitted to a plurality of

wireless devices.

An interference strength indicator represents an interference strength between wireless
devices caused by simultaneous transmission of data to the wireless devices by a node, if

one of the different phase angles @ is applied to the precoding element ¢’%* .

An interference strength indicator may be defined in many different ways. The actual

definition of the interference strength indicator may influence the maximal achievable data
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rate and the required computational effort. For example, a more accurate representation of
the physical background of the interference between the wireless devices may result in a

higher computational effort and vice versa.

The predefined interference strength criterion may also be defined in various ways. For
example, the predefined interference strength criterion could be selecting a phase angle
corresponding to a calculated interference strength indicator indicating one of the lowest
interference strengths (e.g. one of the five lowest interference strengths). Preferably, a
phase angle is selected corresponding to the calculated interference strength indicator
indicating the lowest interference strength of the plurality of calculated interference
strength indicators. Alternatively, a phase angle corresponding to an interference strength
indicator indicating an interference strength lower than an interference threshold may be
selected. Through the setting of the interference threshold, the runtime of the calculation of
the precoding matrix and/or the achievable maximal transmission rate may be adjustable.
In other words, the predefined interference strength criterion may be fulfilled for a
calculated interference strength indicator indicating the lowest interference strength of the
plurality of calculated interference strength indicators or the predefined interference
strength criterion may be fulfilled for a calculated interference strength indicator indicating

an interference strength lower than an interference threshold, for example.

A node of a wireless communication system may be a base station or a relay node, for
example. Further, a wireless device may be a mobile phone or a laptop requiring a wireless

data transmission, for example.

Optionally, the method 100 may further comprise precoding the symbols s to be
transmitted to the plurality of wireless devices with the precoding matrix Pcm applying the
selected phase angle 8 applied to the precoding element e’ of the precoding vector py.
Further, the precoded symbols may be transmitted to the plurality of wireless devices.

In some embodiments of the invention, all precoding elements e’®* of the precoding
matrix Pcy represent a phase shifter being able to shift the phase of a symbol s to be
transmitted without changing an amplitude of the symbol s (of a signal containing symbol
5). In other words, only the phase of the symbol may be varied to generate the signals for a
transmission through the different antennas of the node while the amplitude may be the
same for all antennas. Alternatively, the amplitude of the symbol may be changed, but the
amplification factor for each transmit antenna of the plurality of transmit antennas is equal.
In this way, the transmitted power of each transmit antenna of the plurality of transmit
antennas of the node is equal (e.g. with a tolerance of +/- 1 %, +/- 5 %, +/- 10 % of the
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transmitted power of a transmit antenna), so that the overall power consumption of the
node can be reduced in comparison to known concepts.

If all precoding elements e’** represent a phase shifter, interference strength indicators

J6i i Sk

may be calculated for each precoding element ¢’* and for each precoding element e”"* a

phase angle may be selected. In other words, an interference strength indicator may be
T4

calculated for different phase angles 6 applied to each precoding element e”"* of each

precoding vector p; of the precoding matrix Pcy. Further, a phase angle § may be selected
J%% of each precoding vector p; corresponding to the

for each precoding element e
calculated interference strength indicator indicating the lowest interference strength of all

calculated interference strength indicators.

These interference strength indicators may be calculated iteratively by applying different
sets of phase angles to the different precoding elements e’ %+ This may be realized by a

plurality of loops, each loop varying a phase angle of a specific precoding element ¢’ O,

The different phase angles may be chosen arbitrarily between 0 and 2n. For example, phase
angles may be selected randomly between 0 and 27w to be applied to a precoding element

ejei,k

or may be selected from a predefined set of phase angles ®. The predefined set of
phase angles ® may comprise an equidistant distribution (or another deterministic
distribution) or a random distribution of phase angles 6 from 0 to 2x. In other words, the
different phase angles 6 being applied to a precoding element ¢’ O may be contained by a
predefined set of phase angles ® comprising.an equidistant distribution of phase angles 6

from O to 2.

As mentioned before, an interference strength indicator can be defined in various different
ways. For example, an interference strength indicator may be calculated based on a
multiplication of a channel matrix ﬁeff and the precoding matrix P. The channel matrix ﬁeﬁ
may be based on a channel state information received from the plurality of wireless
devices. The channel matrix may characterize the channels between the node and the

plurality of wireless devices.

In a more detailed example, an interference strength indicator may be calculated based on a
difference between an interference suppression matrix and a result of the multiplication of
the channel matrix ﬁeff and the precoding matrix P. In this example, the interference
suppression matrix may be an identify matrix I, @ weighted (scaled) identity matrix af (e.g.
interference strength indicators are calculated for different weighting values a for the

weighted identify matrix al) or the interference suppression matrix may be a diagonal
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matrix (e.g. interference strength indicators may be calculated for the different sets of
diagonal elements d of the diagonal matrix D).

For the scheduling of wireless devices, the proposed method may be combined with the

zero forcing method to reduce the computational complexity.

In the following, some embodiments of the invention are described in more detail. The
described features may be used together or may be used independent from each other in
combination with the basic concept described above. Some of the explanations below
relate to a node with two transmit antennas serving two wireless antennas, however the
applicability of the proposed concept is not limited to such a system and can also be
applied to an arbitrary number of transmit antennas of a node and an arbitrary number of

wireless devices.

As mentioned above, the conventional method obtains the precoding matrix by the ZF
method. However, this precoder doesn’t necessarily satisfy the constant modulus property,
which means pure phase corrections - that is, with no amplitude changes, for example.
Therefore, the ZF precoder unequally loads the transmit power for each antenna. This
causes some problems at the PAs (power amplifiers) connected to the antenna. Each PA
needs to output higher transmit power than that of a precoder fulfilling the property. As a
result, the power consumption of each PA will become higher. The proposed method
addresses the problems discussed above, and aims to ensure that PAs connected to each
antenna is loaded equally by realizing the constant modulus property. For this a precoder
with constant modulus property may be defined. Then, we explain an optimization method
for the precoder to minimize the inter-user interference (IUI) is explained providing a

precoder based on constant modulus.

The precoder may be defined as follows:

Pz[pxapza"':pD] (8)

where

p, =[e"*, e ,...e"* I ke{l,..D} 9)

Each column vector corresponds to the precoder of the selected user (wireless device) if
assuming one data stream per user. Since each element (precoding element) of the vector
(precoding vector) is a phase shifter, the proposed precoder has a constant modulus
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property. That is, the precoder corrects only phase with no amplitude changes. Next, an
optimization function and an example of an algorithm is described, and we show how to
select the best set of 6 ,,ie{l,.,M},ke{l,..D} to minimize the IUI (inter user
interference). In other words, the proposed precoding matrix may comprise only phase
correction. In this way, the constant modulus property may be always satisfied.

Jo1 Jbi2
e e
P=[p.p.]1=|

J6ay J62
4 ! (4

1%k
e =1

In the following an example for selecting the optimum set of 6, is explained. If the

following equation is satisfied, the IUI can be suppressed:
HyP=1I (10)

where I is the D x D identity matrix (D is the number of wireless devices). In other words,
if this can be achieve, each UE’s precoding vector will become orthogonal to the other
UEs’ channel and suppress IUL Due to the constant modulus property, it is impossible to
satisfy the above Equation (10). Therefore, at least, H P need to be as close to the
identity matrix as adjusting the elements of P. The obtained matrix would not completely
suppress the IUI because it doesn’t satisfy Equation (10). However, please note that the
precoder is calculated using the effective channel matrix estimate H o . The matrix H off
includes a quantization error compared to the real channel. Thus, some amount of IUI
would remain even if Equation (10) is realized. On the other hand, the ZF precoder is also
obtained by H s and some IUI would remain as well. Therefore, the deterioration caused

by the proposed method would be neglected.

In order to make H P close to the identity matrix, a target equation can be described as

follows:

Poy —argminf L PI[': 1= (P C* |[P], =0, €[0.22]} (1D

Pell

In Equation (11), I can be replaced by the scaled identity matrix or a diagonal matrix. We

can describe these formulas as follows:
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A 2 N
(Poyy, 00y, ) =argmin| H o P—al| ; T1 = {P < C** |[P],, =¢""*;6,, &[0,24]},

PellaeR,
(12)
(Peyys Dey,) = argmin P - D”i; IT={PeC""|[P], =";6,, [0,2x]}
Dediag(d;....dp)

(13)

In this connection, Pcy is the precoding matrix to be determined, H_ is a channel matrix
based on a channel state information received from the plurality of wireless devices, Pis a
precoding matrix considering a specific phase angle of the different phase angles for a
precoding element, I is an identity matrix, IT is a set of precoding matrices considering
different phase angles, a is a weighting factor, D is a diagonal matrix with elements d;-dp,

¢’%* is a precoding element, 8, is a phase angle, acy is a weighting factor corresponding
to an interference strength indicator indicating the lowest interference strength, Dy is a

diagonal matrix corresponding to an interference strength indicator indicating the lowest

A 2
interference strength and HH P — D“F is an interference strength indicator.

However, the scalar variable a or the diagonal values in D have to be optimized in
Equation (12) or (13), respectively. These equations can be used if a higher performance
than Equation (11) is required. Next, an example of an algorithm for only Equation (11) is
explained, but similar techniques will be used for the other two equations. For simplicity,
the case of D =2 and M =2 is explained. The precoder can be written as

76,

e e/91,2
Foy, =[p1,p2]=[ 0 } (14)
s

Je.
e’

First, the finite number of set 0 € {m%[ me{0,1,..,.N —1}} is defined. The algorithm is

based on the idea to find the optimum phase tuple 6,, [0, 27z‘[4 (phase angles) to

—~ 2 .
minimize ”H g P-T “ (interference strength indicator) calculating all possible
F

combinations as shown in Algorithm 1 below. Finally, P., can be obtained from 6,,.
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Algorithm 1:

Temp Value is initialized (relatively high value).
for 6, e @do

for 6,, €@ do
for 6, €@ do
for 8,, €@ do

- 2
compute TempValue = “H g P-1 "
F

if TempValue is smaller than the previous TempValue then
T
eopt <« [‘91,1’ 02,13 01,2 ) 02,2]

end
end
end
end
end

Fig. 3 is a flowchart of a method for determining a precoding matrix for precoding symbols
to be transmitted to a plurality of wireless devices according to an embodiment of the
invention. It illustrates an example for a node with two transmit antennas and two wireless
devices as it is also described by algorithm 1 above. First, an initial interference strength
indicator is set by an initial value (temp_old). The initial value may be chosen relatively
high, which means a value higher than an estimated highest interference strength indicator
or an estimated average interference strength indicator. Then, interference strength
indicators temp (or tempvalue) are calculated for different phase angles 61,1, 612, 621 and
6, (0, 2w and 2n/N, wherein N is the resolution). Further, a set of optimal phase angles Gop
is updated with the currently applied set of phase angles, if the new interference strength
indicator temp is smaller than the old interference strength indicator temp_old and the old
interference strength indicator temp old is set equal to the new interference strength
indicator temp. After the computation of interference strength indicators for all
permutations of different phase angles for the different precoding elements, a set fop Of
precoding vectors 6 1, 612, 6,1 and 6, corresponding to the lowest calculated interference
strength indicator is obtained. This set of phase angles can be used for the precoding matrix
to be applied for precoding symbols to be transmitted to the plurality of wireless devices.

Next, an example for a scheduling method for the proposed method is explained. A
conventional method can be applied for the scheduler. As the general scheduling method,
firstly the scheduler utilizes the feedback information and preselects users that have the
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best rate or have the best metric according to, e.g., Proportional Fairness (PF) scheduling.
After that, the best combination for multi-user MIMO from these preselected users is found
out taking the IUI into account. In order to obtain the amount of the IUI, for example, the
precoder is calculated using the above exhaustive algorithm for the selected users and then
the IUI are calculated. However, this procedure will increase the computational complexity
because the exhaustive search is done for all combinations. In order to reduce the
computational complexity, combining the ZF method and the proposed method could be
useful. The best combination of users for multi-user MIMO is selected by the conventional
ZF method. After that, the precoder matrix for the selected users is calculated by the
proposed method. In other word, the proposed method may be used only once at the last
phase. If this technique is used, the conventional method can be reused effectively and also

the computational complexity can be reduced.

In the following, capacity-level simulation results with the proposed method are presented.
The parameters used for the simulation are shown in Table 1. Figure 6 shows the
performance difference between the conventional CVQ-based ZF method and the proposed
method. The performance of the proposed method is close to the CVQ-based ZF method.
The proposed method cannot attain Equation (10) and therefore some amount of [UI
cannot be removed completely. On the other hand, the ZF precoding can achieve

H P = 1. However, the effective channel matrix estimate H .5 includes the quantization
error compared to the real channel. Thus, some amount of IUI would remain due to this
error as well. Therefore, the difference between proposed method and the conventional ZF

becomes small.

Table 1: Simulation Parameters
Number of TX antennas | 4
Number of RX antennas | 1

Number of users 20
Number of feedback bits | 4bit
Channel correlation uncorrelated

In other words, Fig. 6 shows a capacity level simulation for a channel vector quantization
based zero forcing multiuser multiple-input multiple-output system (CVQ-based ZF MU-
MIMO) in comparison to the proposed method. The performance is equivalent to the zero
forcing multiuser multiple-input multiple-output system, while savings in the total
consumption of power can be obtained by a factor of up to four. In this example, a node
with four transmit antennas TX and 20 wireless devices (users) with one receive antenna
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RX each is simulated. Further, a feedback of 4 bits and a resolution N of 32 is used with

uncorrelated channels.
The diagram indicates the signal to noise ratio SNR in dB versus the rate in bps/Hz.

Some embodiments of the invention relate to a zero forcing like multiuser MIMO
(multiple-input multiple-output) precoding based on the constant modulus property. A new
MU-MIMO precoding method for wireless cellular networks aiming at reduction of power
consumption of power amplifiers (PAs) is proposed. The present invention allows a
precoder to have the constant modulus property while trying to mitigate multiuser
interference as much as possible, for example. The property achieves pure phase
corrections with no amplitude changes. A conventional method such as Zero Forcing (ZF)
method doesn’t ensure the PAs connected to each antenna is loaded equally due to lack of
this property. Therefore, each PA needs to output higher transmit power than that of a
precoder fulfilling the property. As a result, the power consumption of each PA will
become higher.

The present invention addresses the problems discussed above, and aims to ensure that PAs
connected to each antenna is loaded equally by realizing the constant modulus property, for

example.

The present invention enables PAs connected to each antenna loaded equally on multiuser
MIMO communications, which allows the whole PAs connected to each antenna to operate
at the high power efficiency region. Consequently, it can reduce the power consumption at
eNBs and reduce OPEX (operational expenses) eventually. Therefore it contributes to
provide green technologies for the future commercial system. It was shown, that the
proposed method offers similar performance in terms of the capacity than the conventional
CVQ-based ZF MU-MIMO technique.

Fig. 2 illustrates an example for a transmission from a node 210 (e.g. base station) to
wireless devices 220 indicating the data to be transmitted and an inter-user interference
SINR with Pg indicating a signal power, Py indicating a noise power and P indicating an
inter-user power. For low inter-user interference, zero forcing beamforming is mainly used
by known concepts. The proposed concept may enable a low inter-user interference and a

high power efficiency.

Figs. 4a and 4b show a comparison of the zero forcing method and a constant modulus

property method representing the proposed concept. The zero forcing precoding unequally
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loads the transmit power P at each power amplifier, so that the power range reaches from 0
to 2Ppax, Wherein Ppay indicates the maximal transmit power of the constant modulus
property method, which comprises a power range from 0 to Ppay. This shows that the zero
force ZF method may need twice as much output power. In other words, the power
consumption (of the ZF method) may be doubled at each power amplifier (compared to the
proposed concept).

Figs. 5a and 5b compare the optimization method for the proposed precoder (Fig. 5b
proposed method) with the zero forcing method (ZF in Fig. 5a). In the case of the zero
forcing method, the product of the precoding matrix Pzr and the channel matrix H: is
always the identify matrix I. In comparison, the proposed method tries to optimize the
product of the precoding matrix Pcy and the channel matrix Hs to become as close as

possible to the identity matrix, for example. For example, an interference strength indicator

may be defined by
. . ' .
. I I ‘3.191,1 o/ 1 0O
g.op_g=|Tn e _
eff |5 . Jéay JO22 31
By, Iy, |e™™ ™ €
7 by ) JOan - r J%0 JBaa
| fyge e =1 Ry Ry e
- , J8y ) Jbas B y FOa
| Tpge Hhyge Iy e +hy e -1
or

ﬁ' P-1I 2 _ ,; J6h1 ’; J021 _12 + }; Jbhy +’; JO22 2
et YL T 1€ th e 1,1€ 12€

,; Jé11 ’; J01 2 ’; J62 ,; JO22 12
+ 2.1€ + 2’29 + 2.1€ + 2’26 -

This illustrates an example of a node with two transmit antennas and two wireless devices.
In this example, the interference strength indicators are functions of 81,1, 612, 62,1 and 62,

representing phase angles of different precoding elements e’

Then, the precoding matrix Pcy may be obtained by selecting phase angles 0, :

i T={PeC*?|[P], =30, <[0,22])

P, =arg min”flegl’ -1
Pell
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With the proposed concept, the power consumption at eNBs (evolved node B) and OPEX
(operation expenses) can be reduced. Further, the proposed method may contribute to

provide green technology for the future commercial systems and revenues can be gained.

Fig. 7 shows a block diagram of an apparatus 800 for determining a precoding matrix Pcym
for precoding symbols s to be transmitted to a plurality of wireless devices by a node of a
wireless communication system according to an embodiment of the invention. The
precoding matrix Pcy comprises a precoding vector py for each wireless device of the
plurality of wireless devices and each precoding vector p; comprises a precoding element
e’% for each transmit antenna of a plurality of transmit antennas of the node. Each
precoding element e’%* represents a phase shifter being able to shift a phase of a symbol s
to be transmitted through the corresponding transmit antenna to the corresponding wireless
device by a phase angle §. The apparatus 800 comprises a processor 810 configured to
calculate a plurality of interference strength indicators for different phase angles 6. The
different phase angles are applied successively to a precoding element ¢’% of a precoding
vector py. An interference strength indicator is calculated based on the precoding matrix P
comprising the precoding element ¢’% considering the respective different phase angles 6.

/84 of the precoding vector

Further, the processor 810 selects for the precoding element e
Pr a phase angle 8 corresponding to a calculated interference strength indicator fulfilling a

predefined interference strength criterion.

The apparatus 800 or the processor 810 of the apparatus 810 may comprise one or more
additional features or units realizing one or more aspects of the concept described above.

For example, the apparatus 800 may further comprise a precoder for precoding symbols to
be transmitted to the wireless devices. Further, the apparatus 800 may comprise a
transmitter for transmitting the precoded symbols to the wireless device.

The processor 810, the precoder, the transmitter and/or other optional units of the
apparatus 800 may be independent hardware units or part of a computer, a microcontroller
or a digital signal processor as well as a computer program or a software product for

running on a computer, a microcontroller or a digital signal processor.

Some embodiments of the invention relate to a base station of a wireless communication
system comprising an apparatus for determining a precoding matrix for precoding symbols
to be transmitted to a plurality of wireless devices according to the described concept.
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Some embodiments of the invention relate to a method for precoding input symbols with a
precoding matrix comprising adjusting phase of said input symbols in a multiuser MIMO
system. The method comprises the steps of setting initial phase on said precoding matrix
and calculating a value of an evaluating function (interference strength indicator) using
said precoding matrix and a channel matrix consistent (containing) of feedback (or
parameters obtained from the feedback) of selected UEs (wireless devices, user
equipment). Further, the method comprises comparing the value and a reference value,
adjusting the phase of said precoding matrix so that said value becomes smaller than the
reference value and precoding the input symbols with the resulting precoding matrix.

In some examples, said evaluating function is to compare a product of said channel matrix
and the precoding matrix with the reference matrix (interference suppression matrix). The
said reference matrix may be a positive definite diagonal matrix, a scaled (weighted), or

unscaled identity matrix.

In some embodiments, said reference value is changed to a smallest value of the evaluating
function for each round of repetition. The said reference value may be a predetermined

value.

According to an aspect, said phases are selected from a predefined finite number of phase

sets.
In some examples, said UEs (wireless devices) are selected so as to maximize sum rate.

Although some aspects of the described concept have been described in the context of an
apparatus, it is clear that these aspects also represent a description of the corresponding
method, where a block or device corresponds to a method step or a feature of a method
step. Analogously, aspects described in the context of a method step also represent a

description of a corresponding block or item or feature of a corresponding apparatus.

Depending on certain implementation requirements, embodiments of the invention can be
implemented in hardware or in software. The implementation can be performed using a
digital storage medium, for example a floppy disk, a DVD, a Blue-Ray, a CD, a ROM, a
PROM, an EPROM, an EEPROM or a FLASH memory, having electronically readable
control signals stored thereon, which cooperate (or are capable of cooperating) with a
programmable computer system such that the respective method is performed. Therefore,

the digital storage medium may be computer readable.
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Some embodiments according to the invention comprise a data carrier having
electronically readable control signals, which are capable of cooperating with a
programmable computer system, such that one of the methods described herein is

performed.

Generally, embodiments of the present invention can be implemented as a computer
program product with a program code, the program code being operative for performing
one of the methods when the computer program product runs on a computer. The program

code may for example be stored on a machine readable carrier.

Other embodiments comprise the computer program for performing one of the methods

described herein, stored on a machine readable carrier.

In other words, an embodiment of the inventive method is, therefore, a computer program
having a program code for performing one of the methods described herein, when the

computer program runs on a computer.

A further embodiment of the inventive methods is, therefore, a data carrier (or a digital
storage medium, or a computer-readable medium) comprising, recorded thereon, the

computer program for performing one of the methods described herein.

A further embodiment of the inventive method is, therefore, a data stream or a sequence of
signals representing the computer program for performing one of the methods described
herein. The data stream or the sequence of signals may for example be configured to be

transferred via a data communication connection, for example via the Internet.

A further embodiment comprises a processing means, for example a computer, or a
programmable logic device, configured to or adapted to perform one of the methods

described herein.

A further embodiment comprises a computer having installed thereon the computer

program for performing one of the methods described herein.

In some embodiments, a programmable logic device (for example a field programmable
gate array) may be used to perform some or all of the functionalities of the methods
described herein. In some embodiments, a field programmable gate array may cooperate
with a microprocessor in order to perform one of the methods described herein. Generally,

the methods are preferably performed by any hardware apparatus.
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The above described embodiments are merely illustrative for the principles of the present
invention. It is understood that modifications and variations of the arrangements and the
details described herein will be apparent to others skilled in the art. It is the intent,
therefore, to be limited only by the scope of the impending patent claims and not by the
specific details presented by way of description and explanation of the embodiments

herein.
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Claims

Method (100) for determining a precoding matrix (Pcwm) for precoding symbols (s)
to be transmitted to a plurality of wireless devices by a node of a wireless
communication system, wherein the precoding matrix (Pcv, P) comprises a
precoding vector (py) for each wireless device of the plurality of wireless devices,
wherein each precoding vector (px) comprises a precoding element (e’**) for each
transmit antenna of a plurality of transmit antennas of the node, wherein each
precoding element (¢’ b ) represents a phase shifter being able to shift a phase of a
symbol (s) to be transmitted through the corresponding transmit antenna to the
corresponding wireless device by a phase angle, the method comprising:

calculating (110) a plurality of interference strength indicators for different phase
angles (), wherein the different phase angles are applied successively to a
precoding element (e’%* ) of a precoding vector (py) for the calculation of the
interference strength indicators, wherein an interference strength ‘indicator is
calculated based on a precoding matrix (P) comprising the precoding element
(¢’ %y considering the respective different phase angle (); and

selecting (120) for the precoding element (¢’ 9""‘) of the precoding vector (px) a
phase angle () corresponding to a calculated interference strength indicator

fulfilling a predefined interference strength criterion.

Method according to claim 1, wherein the predefined interference strength criterion
is fulfilled for a calculated interference strength indicator indicating the lowest
interference strength of the plurality of calculated interference strength indicators or
the predefined interference strength criterion is fulfilled for a calculated
interference strength indicator indicating an interference strength lower than an

interference threshold.

Method according to claim 1 or 2, wherein an interference strength indicator
represents an interference strength between wireless devices caused by a
simultaneous transmission of data to the wireless devices by a node, if one of the
different phase angles (6) is applied to the precoding element (e’%*).

Method according to the claims 1 to 3, wherein all precoding elements (e’*) of
the precoding matrix (Pcy) represent a phase shifter being able to shift a phase ofa
symbol (s) to be transmitted without changing an amplitude of the symbol (s).
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10.

11.

12.

Method according to one of the claims 1 to 4, wherein an interference strength
indicator is calculated for different phase angles () applied to each precoding
element (e’ 6"‘") of each precoding vector (py) of the precoding matrix (Pcwm),
wherein for each precoding element (e’ 9"") of each precoding vector (px) a phase
angle (0) is selected corresponding to the calculated interference strength indicator
indicating the lowest interference strength of all calculated interference strength

indicators.

Method according to one of the claims 1 to 5, wherein the different phase angles (6)
being applied to a precoding element (¢’ 9"”‘) are contained by a predefined set of
phase angles (®) comprising an equidistant distribution of phase angles (¢) from 0
to 2m.

Method according to one of the claims 1 to 6, wherein an interference strength
indicator is calculated based on a multiplication of a channel matrix (H.s) and the
precoding matrix (Pcwm), wherein the channel matrix (H.s) is based on a channel

state information received from the plurality of wireless devices.

Method according to claim 7, wherein an interference strength indicator is
calculated based on a difference between an interference suppression matrix (I, al,
D) and a result of the multiplication of the channel matrix (A.g) and the precoding

matrix (Pcy).

Method according to claim 8, wherein the interference suppression matrix is an

identity matrix ().

Method according to claim 8, wherein the interference suppression matrix is a
weighted identity matrix (af), wherein interference strength indicators are
calculated for different weighting values (a) for the weighted identity matrix (al).

Method according to claim 8, wherein the interference suppression matrix is a
diagonal matrix, wherein interference strength indicators are calculated for different

sets of diagonal elements (d) of the diagonal matrix (D).

Method according to one of the claims 1 to 11, wherein the precoding matrix (Pcm)

is determined based on
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13.

14.

i; = {PcC" |[P], =¢"*;8,, €[0,22[}

P, =arg min”fleffP -1
Pell

[ I=(PeC |[P), =6, €[0,22]),

(Prps»Gpyy ) = arg minHIAI P —all

PellaeR,
or

(Peys D)= argmin |H P - p[[i; I ={PeC"|[P], =¢":6,, €[0,27]}
Pell,
Dediag(d;,....dp)

wherein Pcy is the precoding matrix to be determined, H.¢ is a channel matrix
based on a channel state information received from the plurality of wireless
devices, P is a precoding matrix considering a specific phase angle of the different
phase angles for a precoding element, I is an identity matrix, II is a set of precoding
matrices considering different phase angles, a is a weighting factor, D is a diagonal

LA . . .
/7% is a precoding element, 6, is a phase angle, acm

matrix with elements d-dp, €
is a weighting factor corresponding to an interference strength indicator indicating
the lowest interference strength, D¢y is a diagonal matrix corresponding to an

interference strength indicator indicating the lowest interference strength and

~ 2
“H P — D“F is an interference strength indicator.

Method according to one of the claims 1 to 12, further comprising precoding the
symbols (s) to be transmitted to the plurality of wireless devices with the precoding
matrix (Pcy) applying the selected phése angle (@) for the precoding element (e’ B )
of the precoding vector (py).

Apparatus (800) for determining a precoding matrix (Pcyv) for precoding symbols
(s) to be transmitted to a plurality of wireless devices by a node of a wireless
communication system, wherein the precoded matrix (Pcv) comprises a precoding
vector (py) for each wireless device of the plurality of wireless devices, wherein
each precoding vector (py) comprises a precoding element (¢’%*) for each transmit
antenna of a plurality of transmit antennas of the node, wherein each precoding
element ( /0 ) represents a phase shifter being able to shift a phase of a symbol (s)
to be transmitted through the corresponding transmit antenna to the corresponding

wireless device by a phase angle (6), the apparatus comprising:
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15.

a processor (810) configured to calculate a plurality of interference strength
indicators for different phase angles (¢), wherein the different phase angles are
applied successively to a precoding element (eje""‘) of a precoding vector (py),
wherein an interference strength indicator is calculated based on a precoding matrix
(Pcy) comprising the precoding element (e’%* ) considering the respective different
phase angle (6),

wherein the processor (810) is configured to select for the precoding element
(e’ 6"’") of the precoding vector (px) a phase angle (6) corresponding to a calculated

interference strength indicator fulfilling a predefined interference strength criterion.

Computer program with a program code for performing the method according to
one of the claims 1 to 13, wherein the computer program runs on a computer or a
microcontroller.



WO 2012/146739 PCT/EP2012/057809

1/10

100

;

Calculating a plurality of interference strength indicators for
different phase angles (), wherein the different phase angles
are applied successively to a precoding element (6") of a
precoding vector (p,) for the calculation of the interference

strength indicators, wherein an interference strength indicator
is calculated based on a precoding matrix (P) comprising

the precoding element (€"™) considering the respective
different phase angles (0).

|

Selecting for precoding element (¢™) of the precoding
vector (p,) a phase angle () corresponding to a calculated

interference strength indicator fulfilling a predefined
interference strength criterion.
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