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Description

Title of Invention: POWER CONTROL METHOD FOR IN-
TERFERENCE ALIGNMENT IN WIRELESS NETWORK

[0001]

[0002]

[0003]

[0004]

[0005]

Technical Field

The present invention relates to wireless communication, and more particularly, to a
power control method for interference alignment in wireless network.
Background Art

In a wireless network with multiple interfering links, interference alignment (IA) is
used. IA is a transmission scheme achieving linear sum capacity scaling with the
number of data links, at high SNR. With IA, each transmitter designs the precoder to
align the interference on the subspace of allowable interference dimension over the
time, frequency or space dimension, where the dimension of interference at each
receiver is smaller than the total number of interferers. Therefore, each receiver simply
cancels interferers and acquires interference-free desired signal space using zero-
forcing (ZF) receive filter.

In practical interference alignment (IA) systems, beamformers(precoding vectors) are
computed based on limited feedback of channel state information (CSI). Suppressing
residual interference caused by CSI inaccuracy can lead to overwhelming network
feedback overhead. An alternative solution for coping with residual interference is to
control the transmission power of all transmitters such that the network throughput is
maximized. Finding the optimal power control method for multi-antenna IA system
requires solving a non-convex optimization problem and has no known closed-form

solution.
Summary of Invention

Technical Problem

It is an object of the present invention to provide a power control method of in-
terference alignment in wireless network nearly optimal.
Solution to Problem

A power control method for interference alignment in wireless network having K
transmitters and K receivers, the method comprising : receiving, performed by receiver
n(n is an integer, 1<n<K-1), a power indication signal of transmitter n+1 from the
transmitter n+1; determining, performed by the receiver n, power of transmitter n; and
transmitting, performed by the receiver n, a power indication signal of transmitter n to
the transmitter n, wherein the power of transmitter n is determined based on a residual
interference of the receiver n, and the power indication signal of transmitter n indicates

a minimun transmission power or a maximum transmission power of transmitter n.
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Advantageous Effects of Invention
In accordance with the present invention, sum rate capacity of a wireless network ap-

proaches near optimal result.

Brief Description of Drawings

Fig. 1 shows a framework of the present invention.

Fig.2 shows a CSI exchange method(method 1).

Fig. 3 illustrates a conventional full-feedback method.

Fig. 4 shows an example of star feedback method method(method 3).

Fig. 5 shows the procedure of CSI exchange method in case that K is 4.

Fig. 6 shows the procedure of CSI exchange method based on precoded RS in case
that K is 4.

Fig. 7 shows effect of interference misalignment due to quantization of feedback
CSL

Fig. 8 shows probability of turning off for each transmitter.

Fig. 9 shows a binary power control method.

Fig. 10 shows the result of the binary power control method.

Fig. 11 shows a CPC method.

Mode for the Invention

In a wireless network with multiple interfering links, interference alignment(IA) uses
precoding to align at each receiver the interference components from different sources.
As aresult, in the high SNR regime, the network capacity scales logarithmically with
the signal-to-noise-ratio (SNR) and linearly with half of the number of parallel sub-
channels, called degrees of freedom (DOF). In addition, in the presence of multi-
antennas, the capacity also scales linearly with the spatial DOF per link. IA has been
proved to be optimal in terms of DOF.

This motivates extensive research on IA methods for various types of channels and
settings, including MIMO channel, cellular networks, distributed 1A, IA in the signal
space and limited feedback. However, most existing works on IA rely on the im-
practical assumption that each transmitter in an IA network requires perfect CSI of all
interference channels. Some preliminary results have been obtained on the scaling laws
of numbers of CSI feedback bits with respect to the SNR under the IA constraint.
However, there exist no designs of practical CSI feedback algorithms for IA networks.

To facilitate the description of present invention, the framework of the present
invention will be explained firstly.

Fig. 1 shows a framework of the present invention.

Referring fig. 1, the framework of the present invention comprises a cooperative CSI

exchange, a transmission power control and a interference misalignment control.
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1. Cooperative CSI exchange: Transmit beamformers will be aligned progressively
by iterative cooperative CSI exchange between interferers and their interfered
receivers. In each round of exchange, a subset of transmitters receive CSI from a
subset of receivers and relay the CSI to a different subset of receivers. Based on this
approach, CSI exchange methods are optimized for minimizing the number of CSI
transmission links and the dimensionality of exchanged CSI, resulting in small network
overhead.

2. Transmission power control : Given finite-rate CSI exchange, quantization errors
in CSI cause interference misalignment. To control the resultant residual interference,
methods are invented to support exchange of transmission power control (TPC) signals
between interferers and receivers to regulate the transmission power of interferers
under different users' quality-of-service (QoS) requirements. Since IA is decentralized
and links are coupled, multiple rounds of TPC exchange may be required.

3. Interference misalignment control : Besides interferers' transmission power,
another factor that influences interference power is the degrees of interference mis-
alignment (IM) of transmit beamformers, which increase with CSI quantization errors
and vice versa. The IM degrees are regulated by adapting the resolutions of feedback
CSI to satisfy users' QoS requirements. This requires the employment of hierarchical
codebooks at receivers that support variable quantization resolutions. Designing IM
control policies is formulated as an optimization problem of minimizing network
feedback overhead under the link QoS constraints. Furthermore, the policies are
optimized using stochastic optimization to compress feedback in time.

In addition, it will be described a star feedback method, a efficient interference
alignment for 3-cell MIMO interference channel with limited feedback and binary
power control for IA with limited feedback.

4. Star Feedback Method: For achieving IA, each precoder is aligned to other
precoders and thus its computation can be centralized at central unit, which is called
CSI base station (CSI-BS). In star feedback method, CSI-BS gathers CSI of in-
terference from all receivers and computes the precoders. Then, each receiver only
feeds CSI back to CSI-BS, not to all transmitters. For this reason, star feedback method
can effectively scale down CSI overhead compared with conventional feedback
method.

5. Efficient interference alignment for 3 cell MIMO interference channel with limited
feedback. : Conventional IA solution for achieving the optimal DOF and a special case
IA solution requires product of all cross link channel information since all precoders
are coupled. When limited feedback channel is assumed, channel matrix product arises
a critical problem that there is a K-fold increase in error of initial precoder due to

multiplied and summed channel quantization errors. IA solution for achieving the
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optimal DOF may not be optimal in practical number of feedback bits.

To avoid the product of channel matrices and get better performance, o DOF
fallowing method is proposed. If one node does not use oo DOF, IA solution is
separated to several independent equation, resulting in avoiding the product of all cross
link channel matrices and reducing feedback overhead.

6. Binary Power Control for Interference Alignment with Limited Feedback : In
practical interference alignment (IA) systems, beamformers(i.e. precoding vector or
matrix) are computed based on limited feedback of channel state information (CSI).
Suppressing residual interference caused by CSI inaccuracy can lead to overwhelming
network feedback overhead. An alternative solution for coping with residual in-
terference is to control the transmission power of all transmitters such that the network
throughput is maximized. Finding the optimal power control policy for multi-antenna
IA system requires solving a non-convex optimization problem and has no known
closed-form solution. To overcome this difficulty, it is proposed the simple binary
power control (BPC) method, which turns each the transmission either off or on with
the maximum power. Furthermore, we design a distributive algorithm for realizing
BPC. Simulation shows that BPC achieves sum throughput closed to the centralize

optimal solution based on an exhaustive search.

Firstly, a system model is described.

I. system model.

we introduce the system model of K user MIMO interference channel and define the
metric of network overhead that is required for implementing IA precoder.

Consider K user interference channel, where K transmitter-receiver links exist on the
same spectrum and each transmitter send an independent data stream to its corre-
sponding receiver while it interferers with other receivers. Assuming every ftransmitter-
receiver node is equipped with M antennas, the channel between transmitter and
receiver is modeled as M x M independent MIMO block channel consisting of path-
loss and small-scale fading components. Specifically, it is denoted the channel from
the j-th transmitter and the k-th receiver as di;~> H%, where a is the path-loss
exponent, dy; is the distance between transmitter and receiver and H%! is M x M matrix
of independently and identically distributed circularly symmetric complex Gaussian
random variables with zero mean and unit variance, denoted as CN(0,1).

Let denote v¥l and r® as a (M x 1) beamforming vector and receive filter at the k-th
transceiver, where [lv¥I12 = [Ir¥[|2 = 1. A beamforming vector can be called other termi-
nologies such as beamformer or a precoding vector. Then, the received signal at the k-
th receiver can be expressed as below equation.

[equation 1]
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[0039] and the sum rate is calculated as below equation.

[0040] [equation 2]

[0041] )

K 2 r[k]TH[kk]v[k]‘
Reum = 210g2 L+ - 2
st > r[k]TH[kj]V[j]‘ + o2
kty

[0042] where s, denotes a data symbol sent by the k-th transmitter with E[ls,|?] = P and n, is
additive white Gaussian noise (AWGN) vector with covariance matrix 02ly;.

[0043]  Under the assumption of perfect and global CSI, IA aims to align interference on the
lower dimensional subspace of the received signal space so that each receiver simply
cancels interferers and acquires K interference-free signal space using zero-forcing
(ZF) receive filter satisfying following equation.

[0044] [equation 3]

[0045]

s L R

[0046]  Therefore, the achievable sum rate of IA is computed by below equation.

[0047] [equation 4]

[0048] K

Reum — Y log (1 L o T glek el |
sum — g9 + > dkk r H"My ‘
k=1

[0049] It is assumed that each receiver, say the m-th receiver, perfectly estimates all in-
terference channels, namely the set of matrices {H™¥},_X. Also, it is considered the
case where CSI can be sent in both directions between a transmitter and a receiver.

[0050]

[0051] II. CSI feedback methods.

[0052] In MIMO constant channel, the closed form solution of IA in K=3 user is presented

in prior arts. And the solution of K=M+1 with a single data stream at transmitter-
receiver pairs is proposed in prior arts. However, such closed form solutions in general
K user interference channel are still open problem. Here, three CSI feedback methods,
namely the 1. CSI exchange method(method 1), 2. modified CSI exchange
method(method 2) and 3. star feedback method(method 3) are described for achieving
IA under the constraints K=M+1. Also, we compare the efficiency of each feedback
method with sum overhead defined as the total number of complex CSI coefficients

transmitted in the network for a given channel realization expressed in equation 5.
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[0053]  [equation 5]
[0054] N 3 ( NI Né’r_lr_zk])
mke{1,2, K}

[0055]  In equation 5, Nz™" denotes the integer equal to the number of complex CSI coef-
ficients sent from the k-th receiver to the m-th transmitter, and Ngr™ from the k-th
transmitter to the m-th receiver.

[0056]  Fig.2 shows a CSI exchange method in the case of K=4(method 1).

[0057]  Assuming each pair of transmitter-receiver gets one multiplexing gain under the
constraint K=M+1, the set of interference {H™slvi},_;, . K at each receiver should be
aligned on the subspace of dimension at most M-1 to satisfy IA condition which
described in equation 3. That is to say, at least two of all interferers are designed on the
same subspace at the receiver as below equation.

[0058] [equation 6]

[0059]

span (HIMK1IIE=1) = gpan (HI'KIvIKT) at receiver 1
span (HIZKIVIED) = span (H2UVI) at receiver 2
span (HEvI!) = span (HP2vI2]) at receiver 3

span (H[KK_Q]V[K_ﬂ) = span (H[KK_”V[K_”) at receiver K

[0060]  In equation 6, span(A) denotes the vector space that spanned by the columns of A
and each equation satisfies that span (H&2Ky[¥l) = span (Hk+2+1lylk+1T)(1.e. span(vi¥) =
span (Hk+2)-1HEk+2k+1ly[k+11)) - As concatenating {span (V&) },_ /X, IA beamformers are
computed by below equation and then normalized to have unit norm.

[0061] [equation 7]

[0062] G = any eigenvector of (H[21]>—1 HI2K] (H[lK])—l HIK-1]. .. (H[32]>—1 Hl31

V2 (E) T Ryl

VIE-1 (H[K K—1]>—1H[KK—2]V[K—2]
vIKl — (H[l K])‘1H[1K—1]V[K—1]

[0063]  The solution of k-th beamformer vi¥! in equation 7 is serially determined by the
product of pre-determined vi!l and channel matrix (HUk+k17)-1 e+ le-1],

[0064]  Hereinafter, using the property that vi¥l is serially determined, CSI exchange
method(method 1) will be described.. Hereinafter, it is assumed that K=4, M=3.

[0065] 1. First, transmitters determine which interferers are aligned on the same subspace at



WO 2011/096748 PCT/KR2011/000752

[0066]

[0067]

[0068]
[0069]

[0070]

[0071]

[0072]
[0073]

[0074]

[0075]

[0076]
[0077]

[0078]

each receiver. Then, each transmitter informs its corresponding receiver of the indices
of two interferers to be aligned in the same direction. This process is called set-up.

2. Receiver k(Vk#3) feeds back the product matrix (HPU-HEPKI | (HEF2)-THBY to
receiver 3 which determines vl!l as any eigenvector of (HP?1)-THPKI(HIKT)-IHUK-T,_ (HB2T)
-THBY, Then, v is fed back to transmitter 1.

3. Computation of v?, ..., vi&-1I; Transmitter k-1 feeds forward vi*! to receiver k+1.
Then, receiver k+1 calculates vI¥ using equation 7 and feeds back v to transmitter k.
This process is performed for k=2 to K-1.

4. computation of v,

Transmitter K-1 feeds forward vi¥-1! to receiver 1. Then, receiver 1 calculates vX!
using equation 7 and feeds back vI¥I to transmitter K.

In CSI exchange method, two interferers are aligned at each receiver among K-1 in-
terferers. Therefore, the receiver requires the indices of two interferers to be aligned
before starting the computation and exchange procedure of {vill,..., vi&l}. The signals
for a set-up are forwarded through a control channel from transmitter to corresponding
receiver. These set-up signals are forwarded through B, bits control channel from

transmitter to corresponding receiver and its overhead is computed in following

lemma.

Lemma 1. The set-up overhead for the CSI exchange method is given as below
equation.

[equation 8]

Beetup = {K logs, <w>—‘

Each receiver has K-1 interferers from other transmitters. Therefore, ¢ ;C, groups of

aligned interferers exist at each receiver, where ¢ ;C, = (K-1)(K-2)/2. To inform each

of K receivers about the group of aligned interferers, total
{K logs ((K—l)Q(K—%)—‘

bits are required for the set-up signaling.

Once the aligned interferers are indicated at the receiver, each receiver feeds back
CSI of the selected interferers in given channel realization and the beamformers vi!l, v
21 ..., V¥l are sequentially determined by method 1. The overhead for the CSI exchange
method can be measured in terms of the number of exchanged complex channel coef-
ficients. Such overhead is specified in the following proposition.

Proposition 1.

For the CSI exchange method in MIMO channel, the network overhead is given as
below equation.

[equation 9]
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[0079] Nex — (K —1)M? + QK - 1)M

[0080] All receivers inform CSI of the product channel matrices to receiver 3, which
comprises (K-1)M? nonzero coefficients. After computing the beamformer vil, M
nonzero coefficients are required to feed it back to transmitter 1. Each beamformer is
determined by iterative precoder exchange between transmitters and interfered
receivers. In each round of exchange, the number of nonzero coefficients of
feedforward and feedback becomes 2M. Thus, total network overhead comprises
(K-1)M2+(2K-1)M.

[0081]

[0082] Fig. 3 illustrates a conventional full-feedback method.

[0083] For comparison, the sum overhead for the convention CSI feedback method is il-
lustrated. In the existing IA literature, the design of feedback method is not explicitly
addressed. Existing works commonly assume CSI feedback from each receiver to all
its interferers, corresponding to the full-feedback method illustrated in Fig. 3. For such
a conventional method, each receiver transmits the CSI{H=},_X to each of its K-1
transmitters and the resultant sum overhead is given in the following lemma.

[0084]  Lemma 2. The sum overhead of the full-feedback method is given as below equation.

[0085] [equation 10]

[0086] Nep — K3(K —1)M*

[0087]  Each receiver feeds back K x M? nonzero coefficients to K-1 interferers. Since K
receivers feed back CSI, total network overhead comprises K?>(K-1)M?2.

[0088]  From the above result, the overhead Ny increases approximately as K’M? whereas
the network throughput grows linearly with K. Thus the network overhead is po-
tentially a limiting factor of the network throughput. By comparing proposition 1 and
lemma 2, with respect to the full-feedback method, the CSI exchange method requires
much less sum overhead for achieving IA, namely on the order of KM?2.

[0089]

[0090]  In the CSI exchange method described above, vill is solved by the eigenvalue
problem that incorporates the channel matrices of all interfering links. However, it still
requires a huge overhead in networks with many links or antennas. To suppress CSI
overhead of v, we may apply the follow additional constraints indicated by a below
equation.

[0091] [equation 11]

[0092]

span(HEUvI)  — span(HIZvl2)
span(H Uy/1)) = span(ELfH121y[2)
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[0098]
[0099]

[0100]

[0101]

[0102]

[0103]

[0104]
[0105]

[0106]

In equation 11, 11is not 1 or 2. As vl!l and vP! are aligned on same dimension at
receiver i and i+1, vl is computed as the eigenvalue problem of (HE!T)-THE2I(HI+12T)-1H
+11] that consists of two interfering product matrices.

Applying the properties expressed in equation 11 at receiver K-1 and K, it can be re-
formulated IA condition under K=M+1 constraints as below equation.

[equation 12]
span (HI'2vIZ) = span (HI¥vE) at receiver 1
span (HZIVB)) = span (HIZVIH) at receiver 2

span (HIX—Uylll) = span (HIE12v ) at receiver K — 1
span (HIKUVIT) = span (FI2v ) at receiver K

It follows that vi!l, vi21..., vI¥l can be selected as below equation.

[equation 13]

vl = eigenvector of (H[K_“])_lH[K_m (H[Kg])_lH[K”
vl = (mle) gl

il = (H[131)—1H[121V[21

vIEl (H[K—2K])_1H[K—2K—1]V[K—1].

Using the equation 13, the CSI exchange method can be modified. The modified CSI
exchange method can be called a method 2 for a convenience. The method 2 comprises
following procedures.

1. First, transmitters determine which interferers are aligned on the same subspace at
each receiver. Then, each transmitter informs its corresponding receiver of the indices
of two interferers to be aligned in the same direction(set-up).

2. Receiver K forwards the matrix (HX)-THIX! to receiver K-1. Then, receiver K-1
computes vl as any eigenvector of (HX-111)-THK-12[(HIX21)-IHX1 and feeds back it to the
transmitter 1.

3. Transmitter 1 feeds forward vt to receiver K. Then, receiver K calculates vi2 and
feeds back vi? to transmitter 2.

4. Computation of vP, ..., vIKl

Transmitter k-1 feeds forward vix1l to receiver k-2. Then, receiver k-2 calculates vix!
and feeds back v to transmitter k-1. This process is performed for k=3 to K.

The corresponding sum overhead of modified CSI exchange method(method 2) is
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[0116]

[0117]

[0118]

[0119]

given in the following equation.

[equation 14]
Nuyex — M? + (2K —1)M

Comparing the method 2 with the method 1, both methods show the same burden of
overhead for the exchange of beamformers. However, the product channel matrix for v

(1in Modified CSI exchange method requires constant M? overhead in any K user case

while overhead of vi!l in CSI exchange method increases with KM?.

The CSI exchange methods(method 1, method 2) in previous description degrade the
amount of network overhead compared with conventional full feedback method.
However, it requires 2K-1 iterations for the exchange of beamformers in method 1 and
2. As the number of iterations is increased, a full DoF in K user channel can not be
achievable since it causes time delay that results in significant interference mis-
alignment for fast fading. To compensate for these drawbacks, we suggest the star
feedback method illustrated in Fig. 4.

Fig. 4 shows an exmple of star feedback method method(method 3).

Referring fig.4, wireless network comprises a CSI-base station, a plurality of
transmitters, a plurality of receivers. The wireless network using the star feedback
method comprises an agent, called the CSI base station(CSI-BS) which collects CSI
from all receivers, computes all beamformers using IA condition in equation 7 or
equation 13 and sends them back to corresponding transmitters. This method 3 is
feasible since the computation of beamformers for IA is linked with each other and
same interference matrices are commonly required for those beamformers. In large K,
the star method allows much smaller delay compared with CSI exchange
methods(method 1, method 2).

Star feedback method for IA in wireless network will be described.

1. Initialization : CSI-BS determines which interferers are aligned on the same
dimension at each receiver. Then, it informs each receiver of the required channel in-
formation for computing IA.

2. Computation of v, ..., vi¥l : The CSI-BS collects CSI from all receivers that
comprises K x M2 nonzero coefficients and computes beamformers vi'l, ..., vi¥l with
the collected set of CSI.

3. Broadcasting vi1, ..., vi¥ : CSI-BS forwards v to transmitter k for k=1....,K,
which requires M nonzero coefficient to each of K transmitters.

For the star feedback method in MIMO channel, the network overhead is given as
below equation.

[equation 15]
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[0122]

[0123]

[0124]

[0125]

[0126]
[0127]

[0128]
[0129]

[0130]

Nsp= (M? 4+ M)K

Star feedback method requires only two time slots for computation of IA
beamformers in any number of user K. Therefore, it is robust against channel
variations due to the fast fading while CSI exchange methods are affected by 2K-1 slot
delay for implementation. However, the network overhead of star feedback method is
increased with KM? which is larger than 2KM in modified CSI exchange method.
Also, star feedback method requires CSI-BS that connects all pairs of transmitter-
receiver should be implemented as the additional costs.

The Network overhead of star feedback method can be quantified as below.

1) The overhead for initialization: Each receiver has K-1 interferers from other
transmitters. Therefore, , ;C, groups of aligned interferers exist at each receiver, where
1C2 = (K-1)(K-2)/2. To inform each receiver about the group of aligned interferers,
total Klog,((K-1)(K-2)/2) bits are required for initial signaling.

i1) Feedback overhead for star feedback method: The CSI-BS collects CSI of product
channels from all receivers that comprises KM? nonzero coefficients. After computing
the precoding vectors, CSI-BS transmits a precoder of M nonzero coefficient to each of
K transmitters. Therefore, (KM? + 2M) nonzero coefficients are required for feedback
in star feedback method.

The above result shows that the network overhead for the star feedback method is a
linear function of K in contrast with the cubic function for conventional feedback
method in MIMO channel. Thus the former method leads to a much slower increase of
network overhead with K.

[I. EFFECT OF CSI FEEDBACK QUANTIZATION

In the preceding description, the CSI feedback methods are designed on the as-
sumption of perfect CSI exchange. However, CSI feedback from receiver to
transmitter requires the channel quantization under the finite-rate feedback constraints
in practical implementation. This quantized CSI causes the degradation of system per-
formance due to the residual interference at each receiver. In this section, we char-
acterize the throughput loss as the performance degradation in limited feedback. Fur-
thermore, we derive an upper-bound of sum residual interference as the throughput
loss and analyze it as a function of the number of feedback bits in given channel re-
alization.

A. Throughput Loss in Limited Feedback

For the analytical simplicity, let define the throughput loss,

ARSU?YL

as below equation.

[equation 16]
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[0131]

[0132]

[0133]

[0134]
[0135]

[0136]

[0137]
[0138]

K P& | BRIk k] |2 K P | eIt E ekl k] |2
sum Fn |:Z IOgZ ( = |r o2 . | - Z logZ = |rf[k]+02 - |
k= k=1
= Fn {Z log, <ﬂk])}
k=1
K

(@ .
2 s, (1 )

k=1

—_

In equation 16,

Lkl

A
are the transmit beamformer and receive filter based on the quantized CSI and ‘(a)’
follows from the characteristic of concave function log(x), denoting

N FaS
o

FIBITER) ] |2
F=Litk

Applying Jensen’s inequality, the throughout loss is upper-bounded by below

equation.

[equation 17]

L K
AR, < Klog, <KEH lz I[k‘]] )
k1

In equation 17,
ARsum

is significantly affected by the sum residual interference
frum — 5 ikl

k=1
. Therefore, the minimization of sum rate loss is equivalent to the minimization of
sum residual interference caused by limited feedback bit constraints.
B. Residual Interference in the Proposed CSI Feedback methods
Prior to deriving the bound of sum residual interference in proposed CSI feedback
methods, we quantify the quantization error with RVQ using the distortion measure.

Let denote h := vec(H)/IHII,
h—
e a1 ],

and the phase rotation ,

eI¥ = }AlTh/

}Th‘

, Where
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[0139]
[0140]
[0141]

[0142]

[0143]
[0144]

[0145]

[0146]
[0147]

[0148]

[0149]

[0150]
[0151]

[0152]

[0153]

H,H e ¢:N<M

Then, h can be expressed by below equation.
[equation 18]

h =e/*h + Ah
In equation 18,

Ah
represents the difference between h and

e/%h
. H is follows below equation.

AH

is defined such that
vec (AH) — Ah

[equation 19]
H=“H + AH

Lemma 3. The expected squared norm of the random matrix
Ah

is bounded as below equation.

[equation 20]
E [HAHH%} <2 (MN) -2 31
In equation 20, B denotes quantization bit for H and

= 20wy
P ) — 2y

Using properties of lemma 3, we rewrite equation 18 and equation 19 as below
equation.

[equation 21]

h — e/%h + UAhAB

H = ¢/H + oAhAI:I,

In equation 21,
Ah = o5, Ah, E[||AR|?] = 1, [[|AH|F] = 1
and

0%, < (MN) 27w
Ap =1 U
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[0154]

[0155]

[0156]
[0157]

[0158]
[0159]

[0160]

[0161]

[0162]
[0163]

Also, we derive the error bound of eigenvector of the quantized matrix, which is
applied to analyze the sensitivity towards quantization error on the initialization of vl
Based on the modeling of quantization error of H in equation 22, we derive the
eigenvector of

~

H
using the perturbation theory in following lemma.
Lemma 4. For a large B, the m-th eigenvector

Vin

of

~

H

is given as below equation.

[equation 22]

M

; viAHv,,
U = eI (Vm — OAn k;;#m hvk)

In equation 22, v,, and A, are the m-th eigenvector and eigenvalue of H.

1) Modified CSI exchange method: As the modified CSI exchange method requires
smaller sum overhead than that of CSI exchange method, we derive the upper bound of
residual interference in modified CSI exchange method that consists of two types of
feedback channel links: i) Feedback of the channel matrix for the initial v{!' and ii) Se-
quential exchange of the quantized beamformer between transmitter and receiver.

For the initialization of v, the K-th receiver transmits the product channel matrix H
%to the (K-1)* receiver for the computation of v'! which is designed as the

eigenvector of H.x®H.*!, where

I G e G
eff . ||(H[K—111)*1H[K—12\HF
and

N O - S
eff ||<H{I{2J)*1H{K1J||F

Assuming that RVQ is applied and the quantized matrix
i

is transmitted through B, bits feedback channel, the quantized channel matrix is
expressed as below equation.

[equation 23]
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[0164]

[0165]
[0166]

[0167]

[0168]
[0169]

[0170]
[0171]

[0172]
[0173]

[0174]

A K o K K
H[ef]f — e Pimanal (HL f]f - Uz’m’tmlAHL f]f)

In equation 23,
. — o\ ¢ 7Bz'712it'ial
o-z'znz'tml <1 (‘/\/]2) 2 i
and
Flll ARG = 1
. Then, K-1-th receiver computes the quantized beamformer
1
of
[K—1]¢1K]
Hepr Hery
as below equation.
[equation 24]
‘«/[1] - e—jﬁﬂ@'m‘m'al (V[l] _ Av[l])
In equation 24, the quantization error
Avll]
is expressed by below equation.
[equation 25]
M syl E=1] A ¥ylK]
Avlll = O initial Z ViHle; AHeffvm Vi
k=1 ktm /\m - )\k
In equation 25, v,, and A; are the m-th eigenvector and eigenvalue of Heg ™ TH. X,
Since the magnitude of quantization error

lavi®
is represented as below equation, the quantization error of limited feedback is
affected by exponential function of B, and the distribution of eigenvalues A, - Al.
[equation 26]

M 9
AVUJ z o E Tinitial
A = Ail?
k=1,k#Am |7\ k

Secondly, the effect of quantization error due to the exchange of beamformers
between transmitters and receivers is described. On the assumption of perfect CSI of H
Kl at receiver K-1, it is considered the limited feedback links from receiver to
transmitter, where B, bits are allocated to quantize
Ikl

. From modified CSI exchange method(method 2), receiver K-1 computes vi!l and

quantize it to



16

WO 2011/096748 PCT/KR2011/000752

¢
with RVQ and feeds back to trasnmitter 1 through B, feedback channel. The quantized

beamformer

1

is represented as below equation.
[0175] [equation 27]
[0176]

Gl e (Vm _ UlAvm)

[0177] In equation 27,

By

o2 =T (M)2 75

and

Ell|AvHI?] =1

[0178]  Following the procedure of method 2, transmitter 1 forwards

1
to receiver K. The receiver K designs
vi2
on the subspace of
K] 6|1
H, fvl |
as below equation.
[0179] [equation 28]
[0180] a1 Hg}}qlll
= e~I%n (Hggfvm - UlH[eic(;cAV[l])
— e_jfl (V[Q] — O-lH[e[f(‘]fAv[l])
[0181] Then, receiver K quantizes
vi2l
is quantized to
<12
with B, bit quantization level and informed to transmitter 2. The quantized precoder
<12

is represented as below equation.
[0182] [equation 29]

[0183] ‘»}[2] _ 6—.7'492 (“,[2] — O'ZAV[zl)

[0184] In equation 29,
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o2 =T (M)2 w
and

Bll|AvEI?] —1

[0185] Likewise, the other beamformers
vBlL v and vIE]
are designed at receiver 1, 2,..., and K-2 and their quantized beamformers
VB SE L and 1K
are fed back to their corresponding transmitters, where
4l
is modeled as below equation.
[0186] [equation 30]
[0187]

Gkl p—den (vm — o Av[k])

[0188]  In equation 30,
ot = 2_%

and
Bl AvH|) =1

,fork=3,4, .., K.

[0189]  Using equation 28, 29 and 30, the sum residual interference affected by quantization
error can be analyzed. To analyze the residual interference at each receiver, it is
assumed that each receiver designs a zero-forcing receiver with a full knowledge of

(VM 1<k <K}

, which cancels M-1 dimensional interferers. Then, the upper-bound of expected sum
residual interference is expressed as a function of the feedback bits, the eigenvalue of
fading channel and distance between the pairs of transmitter-receiver is suggested as
below.

[0190]  Proposition 3. In modified CSI feedback method, the upper-bound of expected
residual interference at each receiver is represented as below equation in given
feedback bits {By}.-¥ and channel realization {HIX}, K.

[0191] [equation 31]

[0192]

E[IF] < Pd;,j;za}im/\giﬁﬂj Jork=1,..,K-2

BAE-1) < pa (03/\1{,5;,,12] Fo2AE1 o%/\if,i,;l”)

E[iX] < Pdggoiai
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[0193]

[0194]
[0195]

[0196]

[0197]

[0198]

[0199]
[0200]

[0201]
[0202]

[0203]

[0204]
[0205]

2) Star feedback method: In star feedback method, it is assumed that all receivers are
connected to CSI-BS with high capacity backhaul links, such as cooperative multicell
networks. Then, CSI-BS is allowed to acquire full knowledge of CSI estimated at each
receiver. Based on equation 13, CSI-BS computes vi!l, v2l .. viKl and forwards them to
the corresponding transmitters. In this section, we consider the B, feedback bits
constraint from CSI-BS to transmitter k and vi¥l is quantized as below equation.

[equation 32]

Gl =i (vm — o Av[k’]>
In equation 32,

o =T (M)2 %
and

Ef|AvH|]?] =1

Given the quantized beamformer, each transmitter sends a data stream that causes the
residual interference at the receiver. Following proposition provides the upper-bound
of expected residual interference at each receiver that consists of the feedback bits, the
eigenvalue of fading channel and distance between the pairs of transmitter-receiver.

Proposition 4. In star feedback method, the upper-bound of expected residual in-
terference at each receiver is represented in given feedback bits { By }._;* and channel
realization {HUM};,_Xas below equation.

[equation 33]

E[M] < Pdgg o2 MeI 4 P o2 GRS for k=1, K =2

B < pa2 o 4 Pae od A

B[] < Pago? b + Pdigoi i

IV. DYNAMIC FEEDBACK BIT ALLOCATION METHODS FOR CSI
FEEDBACK METHODS

The system performance of IA is significantly affected by the number of feedback
bits that induces residual interference in a finite rate feedback channel. The dynamic
feedback bit allocation strategies that minimize the throughput loss due to the quan-
tization error in given sum feedback bits constraint is explained. Furthermore, It is
provided the required number of feedback bits achieving a full network DoF in each
CSI feedback methods.

A. Dynamic Bit Allocation for Minimizing Throughput Loss

Consider total B, bits are given for the feedback framework in the network model.
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[0206]
[0207]

[0208]

[0209]
[0210]

[0211]
[0212]
[0213]

[0214]
[0215]
[0216]

[0217]

[0218]
[0219]

[0220]

[0221]

Since the throughput loss is bounded by the expected sum residual interference, we can
formulate the dynamic bit allocation problem for minimizing throughput loss as

follows equation.

[equation 34]
K .
min S I[1¥)
k-1
K
st. > Br < Bt
k=1

Using proposition 3 and proposition 4, equation 34 can be transformed to convex op-

timization problem with variables {B,},_,X expressed by below equation.

[equation 35]
K By

min > ap2” M-t
k—1

K
s.t. E: fﬁ;ﬁ Eﬁd
k=1

Here, we define a, in modified CSI exchange method(method 2) as below equation.

[equation 36]

ar =T () P (d  MEE g WA

ar=1{ ay=T(M) P (d;(g/\lﬁl g 11/\7[55;12])
a =T (M) - Pd;%,, Mo Vk=3 .,K

And, a, in star feedback method as below equation.

[equation 37]
A { ey [K 1] et K-11)
ap =1"{J ffﬁ -P *xfl";{ghggaé + d;{riu)‘fg?:{w ])
T [ ey [12] oy [K2 '
ag =T {jjé P (‘Rdggﬂ}‘ind;v + (ffgg}émw},
[k 1K]

ak =T (M) P (4% Meas ™+ dgy aB24) k=3, K —1

= T s K-2K
axc =T (M) - P (i Al ™ + a2y ™)

iy =

Consider the objective function in equation 35. By forming the lagrangian and taking

derivative with respect to By, it can be expressed by below equation.

[equation 38]

L= Zak27 v +v (Z By — Btot)

keu kEU

OL g

oD, m—1 v=0

In equation 38, v is the Lagrange multiplier and U is the set of feedback link U = {1,

...K}. Therefore, we obtain By as below equation.
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[0222] [equation 39]

[0223] B, — (l\/[ _ 1) -log, (Z\;a_k 1)

[0224]  and By satisfies the following constraint equation where

_ In2
llli T

[0225] [equation 40]

[0226]
Z (M —1) - logy (Af[m_k1> = Biog

keu

[0227]  Combining equation 39 and 40 with By > 0, the number of optimal feedback bit is
obtained as below equation.
[0228] [equation 41]

[0229] 1 M1\
5= (7= (0 = it (271 )

M—1\ ool
M-—-1
"= (23“” H (—) )
a

kEU

[0230]

[0231] In equation 41,

Y= Bt + > (M —1)-logy (Ma;l)
kEU

, IUl is the cardinality of U and

(o)t a if a>0
o =
0 ifa<O

[0232]  The solution of equation 41 is found iteratively through the waterfilling algorithm,

which is described as bellow.

[0233]  Waterfilling algorithm.

[0234]
[0235]  i=0; U={1,....K};

[0236]  whilei=0do

[0237] Determine the water-level

v Bt + 3 (M — 1) log, (f‘{;l)
) kEU

[0238] Choose the user set

k= argmax{’”i—;1 ke U}
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[0239] if
7= (M = 1)|U}log, (22 = 0
then optimal bit allocation
By
in U is determined by equation 43.
[0240]  i=i+1;
[0241] else Let define

U = {U exceptfor k} and B} =0

[0242]  mmmmm e
[0243] From the waterfilling algorithm, we obtain {B,": k € U}. However, B," should
become integer so that it is determined the optimal bit allocation
B;
as below equation.
[0244] [equation 42]
[0245] B — | B!

[0246] In equation 42,

%]
is the largest integer not greater than Xx.

[0247]

[0248] B. Scaling Law of Total Feedback Bits

[0249]  In perfect CSI assumption, each pair of transmitter-receiver link obtains the in-
terference-free link for its desired data stream. However, misaligned beamformers due
to the quantization error destroy the linear scaling gain of sum capacity at high SNR
regime. In this section, we analyze the total number of feedback bits that achieve a full
network DoF K in the proposed CSI feedback methods. The required sum feedback
bits are formulated as the function of the channel gains, the number of antennas and
SNR that maintain the constant sum rate loss over the whole SNR regimes.

[0250]  As P goes to infinity, the network DoF in K user interference channel achieves K

with constant value of
K
oo [ TIH
kgl 1002 (I )

according to below equation.
[0251] [equation 43]
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[0252] DoF = lim lgg;
S (%W]va[klf)_i log, (1%

_ Ph_rgo TR P =

S log2<d§ |f[’°]H[kk]\7[’°]|2> > log, (1)
R — — i S

log, < I flkl)

=K - Ph_I};o log, P
— K

[0253]

[0254]
[0255]

[0256]
[0257]
[0258]

[0259]

[0260]

[0261]
[0262]

[0263
[0264
[0265
[0266

—_— e e

Therefore, it can be formulated the sum residual interference as an exponential
function of B.as below equation.

[equation 44]

Equation 44 yields an equation 45.
[equation 45]
K
Bt*ot - E By
k=1
K
=(M—-1)- <Zlog2 ax — log 2(:>
k
K
=K -(M—-1) log,P+(M—1)- (Z log, ax —c)
k1

In equation 45, ¢ is constant and ¢ > 0 and

ak:P-dk,Vk’

Since By," is the integer number, we obtain the required feedback bits
B Lfot

for achieving full DoF as below equation.

[equation 46]
By = nint(57,)

In equation 46, nint(x) is the nearest integer function of x.

C. Implementation of Feedback Bits Controller

As we derived in equation 41 and 45, the computation of
{Bihi,

and
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[0267]

[0268]

[0269]
[0270]

[0271]

[0272]

[0273]
[0274]

Bioy

requires the set of channel gain {a,},_,* that consist of the path-loss and short-term
fading gain from all receivers. Therefore, the optimal bit allocation strategy requires
the centralized bit controller that gathers full knowledge of {ay}.-,X and computes the
optimal set of feedback bits. The centralized bit controller can be feasible in star
feedback method since it has a CSI-BS connected with all receivers through the
backhaul links.

However, the receiver in CSI exchange method only feeds back CSI to corre-
sponding transmitter, implemented by distributed feedforward/feedback channel links.
Therefore, the additional bit controller is required to allocate optimal feedback bits in
CSI exchange method. Moreover, {a,},_;¥includes the gain of short-term fading so that
CSI of all receivers should be collected to central controller over every transmission
period, which requires a large overhead of CSI exchange and causes delay that results
in significant interference misalignment in fast channel variation environments.

1) Path-loss based bit allocation method: To reduce the burden of frequent exchange
of channel gains for bit allocation, we average {ay}.-,* over the short-term fading { Hi

}i=1%. Consider
B[] < a2

and apply it to equation 36. Eg[a,] in modified CSI exchange method is represented
as below equation where the expected value of ak’s consists of transmit power, the

number of antennas and path-loss.

[equation 47]
| =T

Baglax] = 1 Falaa] — T (M) - PM2 - (di3 + 42,
]=T

Applying equation 47 to 41 and 45, the dynamic bit allocation scheme can be im-
plemented by the path-loss exchange between receivers. Since the path-loss shows a
long-term variability compared with fast fading channel, the additional overhead for bit
allocation is required over the much longer period than the bit allocation scheme in
equation 41 and 45.

2) Distributed bit allocation scheme in CSI exchange method: We develop the dis-
tributed bit allocation scheme achieving DoF K in modified CSI exchange method,
without centralized bit controller. For the distributed bit allocation, we replace the
condition (equation 44) that satisfies DoF K as below equation.

[equation 48]
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[0275]

[0276]
[0277]

[0278]

[0279]
[0280]

[0281]

[0282]
[0283]

logs (i[k]> = log, (akz—%l>
=5 VE=1,.,K

Therefore, the required feedback bit Bk for k-th beamformer is derived as below
equation where ay is represented in equation 36.

[equation 49]
Br — (M — 1) loggas, — (M — 1) - ]ogQ%

Combining equation 49 with 36, each receiver can compute the required feedback
bits with its own channel knowledge except for receiver K. Receiver K requires ad-

ditional knowledge of

Ca A |K-12]
dgZ 1 Ama

from receiver K-1 to calculate a,. From equation 49, it is provided the design of
modified CSI exchange method with bit allocation of achieving IA in distributed
manners as below.

1. step 1 ; set-up : Receiver K forwards the matrix (HX)-THX! to receiver K-1.

2. step 2 ; computation of vl : Receiver K-1 computes vl as any eigenvector of (H
(K-1T)-THIK-R2I(HK2)-THX and quantizes it to
vl

with B; computed by equation 49.
1

is forwarded to transmitter 1. Also, receiver K-1 forwards

g=e K12
K—11/\maz

to receiver K.

3. step 3 ; computation of v[2] : Transmitter 1 feeds forward
v

to receiver K. Then, receiver K calculates
vi2

and quantizes it to
v

with B, computed by equation 49.
v

is fed back to transmitter 2.

4. step 4 ; computation of v, ..., vi¥l

For i=3: K, Transmitter i-1 forwards

vl



25

WO 2011/096748 PCT/KR2011/000752

to receiver i-2. Then, receiver i-2 calculates
vl

and quantizes it to

vl

with B; computed by equation 49.

vl

is fed back to transmitter i-1.

[0284]

[0285] V. successive CSI exchange method based on precoded RS

[0286]  CSIexchange method in previous description can reduce the amount of network
overhead for achieving IA. However, it basically assumes the feedforward/feedback
channel links to exchange pre-determined beamforming vectors.

[0287]  Considering precoded RS in LTE(long term evolution), the CSI exchange method
can be slightly modified for the exchange of precoding vector(i.e. beamformer or
beamforming vector). However, it still effectively scales down CSI overhead compared
with conventional feedback method.

[0288] Consider K=M-+1 user interference channel, where each transmitter and receiver are
equipped with M antennas and DoF(d) for each user is d=1. Based on IA condition and
precoding vector in equation 6 and equation 7, we firstly explain the procedure of CSI
exchange method in feedforward/feedback framework for K=4. After that, we describe

the procedure of CSI exchange method based on precoded RS, in detail.

[0289] 1. Successive CSI exchange in method 1(e.g. K=4)

[0290] In K=4, IA condition is shown as below equation.

[0291] [equation 50]

[0292] -1

span(H"V'¥) = span(H"'V!") At receiver 1 (
span{H™'V™) = span{ H*'V™"} At receiver 2 span(Vm
_)

span H[31]v[1] = span H[32]v[2] At receiver 3 span V[3]) - span((H[IS]
span(H“”Vm)=span(H“3]V[3]) At receiver 4 )

[0293] Then, precoding vectors at transmitter 1, 2, 3 and 4 can be determined as below
equation.

[0294] [equation 51]

[0295]
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[0296]

[0297]

[0298]

[0299]
[0300]
[0301]

[0302]

[0303]

[0304]

[0305]
[0306]

VU = eigenvectorof (H”” )71 HE (H[“] )71 HI! (H“” )71 H (H”“])f1 HI*!
Vil = (H[”] )’1 HEIY
Vil = (H“” )*1 gy
vl = (H““])_l ) BAE

In equation 50, the interference from transmitter 3 and 4 are on the same subspace at
receiver 1. Likewise, the interference from transmitter 1 and 4, the interference from
transmitter 1 and 2, and the interference from transmitter 2 and 3 are on the same
subspace at receiver 2,3, and 4.

To inform the receiver that which interferers are aligned on the same dimension, CSI
exchange method firstly requires initial signaling. This initial signaling is transmitted
with a longer period than that of precoder update.

After the initial signaling indicated which interferers are aligned at each receiver, the
receiver 1,2,3.4 feed back the selected interference channel matrices multiplied by the
inverse of another interference channel matrices,{ (HP)-1HB2, (H“21)-1H“31, (H3)-1HI14]
,(HP4)-THP1} to transmitter 1. Based on these product channel matrices, transmitter 1
determines VI and forwards it to receiver 3. Then, receiver 3 determines VP! using the
channel information of (HP2)'HB!, and feeds it back to transmitter 2. With this
iterative way, VBl and VI are sequentially determined. This process is already
described in previous part. However, it is slightly different in the point that Vi is de-
termined by transmitter 1 not a receiver 3.

Fig. 5 shows the procedure of CSI exchange method in case that K is 4.

Referring fig. 5 (a), the procedure of CSI exchange method comprises below steps.

step 1. Initial Signaling: Each transmitter(e.g. BS) reports which interferers are
aligned on the same dimension to its receiver. ( In K=4, two of four interferers are
selected as the aligned interference.)

step 2. Determine initial vector VII: After initialization, receiver 1,2,3,4 feed back
the product channel matrices to transmitter 1, then transmitter 1 can determine V1.

step 3. Computation of V2 VBl and V#: Transmitter 1 feeds forward Vilto receiver 3
and receiver 3 calculates V2, After that, receiver 3 feeds back V[2lto transmitter 2.
With the exchange of pre-determined precoding vector, the remained precoding
vectors are sequentially computed.

Referring fig. 5 (b), the step 3 in the CSI exchange method is shown, where FF is
feedfoward and FB is feedback links.

In a system using precoded RS such as a LTE system, each transmitter(e.g. BS)

transmits the reference symbol with precoding vector. Therefore, the feedfoward
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signaling in successive CSI exchange can be modified compared with above CSI
exchange method.

Fig. 6 shows the procedure of CSI exchange method based on precoded RS in case
that K is 4.

Assume that i-th receiver perfectly estimates the channel matrices { HULH2I,,.. HIXi
}. Then, precoding vectors VI, VRLVE and V#for IA are designed by equation 51 in
K=4. To compute the precoding vectors, the procedure of CSI exchange method based
on precoded RS is suggested as below.

Referring fig. 6 (a), the procedure of CSI exchange method based on precoded RS
comprises below steps.

step 1. Initial signaling: Each BS(transmitter) reports which interferers are aligned on
same dimension to its receiver.(The index of aligned interferers is forwarded to the
receiver.)

step 2. Determine initial vector VI ; After initialization, receiver 1,2,3,4 feed back
the product channel matrices to transmitter 1, then transmitter 1 can determine V1.
Here, the product channel matrices comprises (HEFU)-THE2I, (HA2)-TH®3, (HI)-THU4and
(HPR4)-THPR!,

step 3. computation V2, VI and Vi,

referring fig. 6(b), the process of the step 3 includes below procedures.

Transmitter 1: After determining its precoder VIU, transmitter 1 sends the precoded
RS to receiver 3.

Receiver 3: Receiver 3 estimates effective channel H.3!'= HB3IV], Based on
equation 51, receiver 3 computes V2 multiplying H.z*" with (H®?)-1 . Then, receiver 3
sends V2 to transmitter 2 through feedback channel.

Transmitter 2: Transmitter 2 sends the precoded RS based on V2! to receiver 4.

Receiver 4: Receiver 4 estimates effective channel H.#?= H*IV? and it computes V
B multiplying He#? with (H#3)-1. Then, VB is reported to transmitter 3 through
feedback channel.

Transmitter 3: Transmitter sends the precoded RS based on VP! to receiver 1.

Receiver 1: Receiver 1 estimates effective channel H.{!3'= HI3I'VB] and receiver 1
computes V4 multiplying H."*! with (H'4)-1. Then, V# is reported to transmitter 4

through feedback channel.

VI. Interference power control.
Interference misalignment(IM) due to CSI quantization errors results in residual in-

terference at receivers. The interference power at a particular receiver depends on the
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transmission power at interferers, their beamformers' IM angles, and the realizations of
interference channels. Since all links are coupled, there is a need for regulating the
transmission power of transmitters such that the number of links meeting their QoS re-
quirements, namely not in outage, is maximized. A suitable approach is for the
receivers to send TPC signals to interferers to limit their transmission power. However,
designing TPC algorithms based on this approach is challenging due to the dependence
of interference power on several factors as mentioned above and the required
knowledge of global CSI and QoS requirements.

The TPC signals sent by a receiver provide upper bounds on the transmission power
of interferers(i.e. transmitter). First the effect of IM is described and then the method
for transmitting a TPC signal for an interference power control is described.

1. The effect of IM.

The IM due to CSI quantization errors results in residual interference at receivers as
explained by the following example.

Consider the 3-user interference channel where the symbol extension (number of
subchannels) is (2n+1)=3. Given v?=1,,, and based on IA condition, the 3x1
beamforming vectors (v,/1,v,1,v2,v) satisfy the following constraints in equation 52.

[equation 52]

Here, the beamforming vector refers to weights applied to signals transmitted over
different subchannels rather than antennas in the case of a multi-antenna system.

Generalizing the above constraints to an arbitrary n and using zero-forcing linear
receivers are sufficient to guarantee the optimality in terms of DOF, namely each user
achieves the optimal number of DOF equal to 1/2 per symbol as n converges to
infinity. For the current example of n=1, the 3x1 zero-forcing beamforming vectors,
denoted as (f1", f,1, 21, {13) satisfy the following constraints equation.

[equation 53]

f[lﬂenull
f[QHEnull
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f[?’}enull
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[0335] It follows that the receive signals after zero-forcing equalization are interference-free
and given as below equation.

[0336] [equation 54]

[0337] [ 1
(f1 )TH“ ’Ul acl I

[0338]  In equation 54, z are the samples of the AWGN processes.

[0339] Let
~[1] ~[1], ~[3]
(v, L0y v )

denote the quantized version of beamforming vectors (v, v,/, v&) | Due to CSI
quantization errors, the IA conditon in equation 52 are no longer satisfied. This is
expressed in equation 55.
[0340] [equation 55]

[0341] 2]%H[13]A[3]
[ ]

%H 21 1

el

[0342]  Consequently, nulling interference using zero-forcing beamforming vector is in-
feasible since it requires below equation.
[0343] [equation 56]

[0344] Hm]vm _ H“B]z}m
772317080 _ H[m]{)[lﬂ

2] [2 1]~
HB ]U[ ] — — HB ]02
[0345] It follows that the receive signals after zero-forcing equalization are given as below
equation.
[0346] [equation 57]
[0347]
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are residual interferences and z are the samples of the AWGN processes. The
residual interferences in the above received signals are nonzero since it is infeasible to
choose receiver beamforming vectors in the null spaces of the interference.

2. The method for transmitting a TPC signal for an interference power control.

We propose the method for transmitting a TPC signal between interferers and
receivers such that the users' QoS constraints are satisfied. First, to compute the TPC
signals, the users' QoS constraints can be translated into constraints on the interference
power that are linear functions of the interferers' transmission power as elaborated
below.

Fig. 7 shows effect of interference misalignment due to quantization of feedback
CSL

The quantization errors in feedback CSI causes IM at receivers. Specifically, at each
receiver, interference leaks into the data subspace even if linear zero-forcing in-
terference cancellation is applied as illustrated in Fig. 7.

Referring fig. 7, the length of an arrow for a particular interferer depends on the
product of its transmission power and the interference channel. As observed from Fig.
7, the power of each residual interference depends on the transmission power of the
corresponding interferer, the misalignment angels of IA beamforming
vectors(beamformer), and the interference channel power. Thus, the method for
transmitting a TPC signal is to generate TPC signals based on the factors including the

misalignment angels of IA beamformers and the interference channel power.
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Let the power of the residual interference from the interferer n to the receiver m be
denoted by the function PRf(0™) where P represent the transmission power of the
transmitter n and O™ represent the IM angel for the CSI sent from the receiver m to
the transmitter n, and f(0i™1)< sin?(0]), In this case, the SINR at the receiver m can
be written as below equaiton.

[equation 58]

EBW(HW) s.t. constraint i equation 63 Ym
{9 o

In equation 58, G==! represents the gain of the data link after transmit and receive
beamforming and o? represents the AWGN noise variance. The QoS requirement for
the m® user can be quantified by an outage threshold n™! at the m* receiver where
SINR™ > ni=l is required for correct data decoding. This leads to a constraint on the in-
terference power expressed in below equation.

[equation 59]

( ﬁ ]} EEBW 0 st constraint in equation 65 Ym
T”CQ t=1k=1

The above constraints on the residual interference’s power can be used to compute
TPC signals sent by the n® receiver for limiting the transmission power {P™ | m # n}.

Second, the sequential TPC signal exchange between subsets of interferers and in-
terfered receivers is necessary for maximize the number of users who meet their QoS
requirements. It is important to note that what matters to a receiver is the sum residual
interference power but this receiver needs to control individual interference
components by TPC signal. Consequently, a challenge in computing TPC signals is to
resolve the dilemma for a receiver that applies too stringent TPC on a particular in-
terferer may cause its data link to be in outage and too loose TPC may cause the in-
terferer to have strong interference on another receiver. Thus TPC exchange provides a
decentralized mechanism for receivers to handshake and reach an optimally control of
the transmission power of all transmitters. Such TPC signal exchange will exploit the

method of CSI exchange methods discussed earlier.

VII. Binary Power Control for Interference Alignment with Limited Feedback

Given finite-rate CSI exchange, quantization errors in CSI cause interference mis-
alignment(IM). To control the resultant interferences, Transmission Power Control
(TPC) method is needed. However, the optimal solution for TPC is a non-convex
problem.

For the simpler implementation, Binary Power Control (BPC) method is proposed.
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BPC method has the advantages of simpler power control algorithms. The sum rate
capacity performance of BPC method in 2 users, which it is approaching 99% of the
capacity of continuous power control. We expand this into general K multi-antenna
user and propose a distributed method for implementing binary power control in de-
centralized networks.

A binary power control(BPC) method is the method that decides the transmit power
of transmitter K within P, ={0, P, }. That is, a system performed by the BPC method
is easily understood as turning on/off system. For the practical use of transmission
power control, we propose the BPC method using feedback and feedforward between a
transmitter and a receiver.

Consider K=M+1 MIMO user interference channel, where each transmitter and
receiver are equipped with M antennas and DoF for each user is d=1. Based on 1A
condition and precoding vector in equation 50 and 51, we firstly explain error
propagation caused by quantization error in CSI exchange method(refer fig. 2).

1. Error propagation caused by quantization by CSI exchange method (K=4, as an
example).

If we assume that any two interferers are designed on the same dimention at each
receiver, the resultant precoder(beamforming vector, beamformer) can be expressed in
closed-form as below equation.

[equation 60]

VU = eigen vector of (H[“] )7l HPY (H[“] )7l H™ (H“”)fl H! (H”‘” )7l HPY
Vi = (H[n])’1 ) BV
VBl = (1_1[43])*l YR
Vi = (H“” )*1 IV

In equation 60, each precoder is normalized as Vil = VE/|I[VH]| fori=1, 2, 3, 4.

The CSI exchange method prevents quatized matrix error by vector form feedback
and feedforward. However, while stages of feedback, there inevitably exists an error
propagation problem. In K=4, the beamforming vectors(precoding vectors) with quan-
tization error is shown as below equation.

[equation 61]

{][1] — V[1] 1 e[1]

v[2] — V[2] 4 e[1] 4 e[2]

V[3] — V[3] . e[1] 4 e[2] 4 e[3]

V[4] — V[4] . e[1] 4 e[2] 4 e[3l_|_ e[4]

In equation 61, elll is the channel quantization error from initialization of VU1, el to e

4l is the vector quantization error due to the feedback, and
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Vit
is the beamforming vector with the quantized channel matrices. Due to the error
propagation, quantized vector errors are accumulated. Therefore, transmitter 4 causes
biggest quantization error and this brings the result of the probability of turning off for
each transmitter as fig. 8.

Fig. 8 shows probability of turning off for each transmitter.

Referring fig. 8, probability of turning off is increased as the index of transmitter is
increased due to the error propagation.

Using this result, assuming that the receivers has the knowledge of all the interfering
channels, the BPC method start decision of the power of user K with the ratio vy
expressed as following equation.

[equation 62]
P, =0if y, <o} where y, =ZK p, Ul HlkIy 1]

i=lizk 1

In equation 62, U is the received M x 1 beamforming vector for receiver k, V[i] is
the received M x 1 beamforming vector for transmitter i, and H™! is the MxM channel
matrix from transmitter i to receiver k, 0, represents the AWGN noise variance.

2. A binary power control(BPC) method.

Fig. 9 shows a binary power control method.

Referring fig. 9, the binary power control method comprises following steps.

1. step 1 - Transmitter K: Receiver K computes yx using equation 62 and turns off
the link(i.e Px = 0) if
Ve <O

and set the power Px = Py if

2
Yk 2 0x

Then, the receiver K gives the feedback T to transmitter K. TX! denotes an
indicator bit which indicates on/off. For example, T =1 if P, = Py, and TM=0 if P, =
0. The power for all the other transmitter is set as Py, .

2. step 2 - Transmitter K-1: Receiver K-1 computes yx; and turns off the link if
Ya <Op

and set the power Py ; = Py, if
Vi1 205,

. Then, the receiver K-1 gives the feedback T to transmitter K-1. The power of
transmitter K is set in the earlier step(step 1) and T is feedforwarded to receiver K-1.

The power for all the other transmitter is considered as Pyy,. This process is repeated
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until transmitter 2.

3. step 3 - Transmitter 1: Receiver 1 computes vy, and decides its power P; = {0, Py}
. The power through transmitter 2 to K is set in earlier steps and feedforwarded to
receiver 1.

The described BPC method is using feedback and feedforward starting from K* user.
Due to the error propagation, the K™ user has the biggest quantization error. And for
this reason, the K transmitter with the most error happens to transmit with power ‘0’
with the biggest probability. Using this result, this BPC method start decision of the
power of K® transmitter for P, = {0, Py, } with the ratio vy, at the K®*receiver since the
entire receiver has the knowledge of all the interfering channels. This BPC method
need not a central unit to determine the network optimal on/off policy and the power of
each trasmitter is determined as distributed manner.

The solution for continuous power control is a non-convex problem. Therefore, the
performance of continuous power control is obtained by exhaustive search. Exhaustive
search is a method of generating random samples of combination of transmitters with
its power uniformly between 0 and Py, and selects the combination that maximized
the sum rate capacity. The performance performed by the continuous power control
converges to optimal result when the numbers of generated samples are enough.

To compare the sum rate capacity performance, binary exhaustive search is used. To
observe the sum rate capacity performance, first generate all (2¥-1) combinations of
transmitters with its power as 0 or Py, and select the combination that maximized the
sum rate capacity. In the case of K=4, M=3, the sample of combinations generated are
as following. (Pyt.x,Pyaxs PyiaxsPyax)s (PyaxsPyaxs Pyaxs)seees (0.Pyaxs Pyiaxs Paiax)seees (0,0, Py, P
Max)sees (0 0, 0, Pygax).

Fig. 10 shows the result of the binary power control method.

Referring fig.10, When K=4, M=3, feedback bits =6(using random codebook), the
binary power control method approaches to 93% of the capacity of exhaustive search
when SNR is 20dB, which is nearly optimal. The ideal curve is the result in perfect

CSI environment.

3. continuous power control method.

The BPC method descirbed above needs another timeslot for the feedback/
feedforward procedure for the power control. Also, the BPC method may incur a
situation that too many links are turned off at high SNR environment. To reduce time
delay and prevent the situation, continuous power control(CPC) method is proposed.

Fig. 11 shows a CPC method.

Referring fig. 11, a CPC method comprises below procedures.

1. step 1 - Receiver K-1: Receiver K-1 receives all the channel information from
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other receivers and defines transmitter’s beamforming vector VIl and transmits its

quantized vector

-~

to transmitter 1.
2. step 2 - Receiver K : Receiver K receives feedforward of

<11
\4

from transmitter 1 and defines beamforming vector V2. Then Receiver K calculates

the residual interference with

which is the quantized vector of V2, Then, receiver K sets P,, the power of
transmitter 2 under the constraint P,sin20x < I', . 't is an interference threshold value

of receiver k. The receiver K sends feedback data of

~12]

and P, to transmitter 2.

3. step 3 - Receiver 1: Receiver 1 receives feedforward of P,

~12

from transmitter 2 and defines beamforming vector V. Then Receiver 1 calculates

the residual interference with

which is the quantized vector of VB!, Then, receiver 1 sets P;, the power of

transmitter 3 under the constraint P;sin20,<I", . Then receiver 1 sends feedback data of

k]l

and P; to transmitter 3. This process(i.e. step 3) is repeated until receiver K-2.
4. step 4 -Receiver K-1: After one cycle of feedback/feedforward, Receiver K-1

receives feedforward of PK,

oKl

from transmitter K. And receiver K-1 sets P,, the power of transmitter 1 under the
constraint P;sin?0¢_<I'x.;. The receiver K-1 sends feedback data of P, to transmitter 1.
The BPC method descirbed above sends feedback and feedforward of the turning on/

off signal(TJ) after setting beamforming vectors, but in the CPC method, the power of
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each transmitter is set at the receiver along with the decision of the beamforming
vectors. The receiver decides the power of each transmitter with the interference
threshold I'y, which is predetermined parameter. The receiver k-2 compares the
residual interference P,sin0,., with the threshold(I'y,) and sets the power of transmitter
k.

While the invention has been described in connection with what is presently
considered to be practical exemplary embodiments, it is to be understood that the
invention is not limited to the disclosed embodiments, but, on the contrary, is intended
to cover various modifications and equivalent arrangements included within the spirit

and scope of the appended claims.
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Claims

A power control method for interference alignment in wireless network
having K transmitters and K receivers, the method comprising :
receiving, performed by receiver n(n is an integer, 1<n<K-1), a power
indication signal of transmitter n+1 from the transmitter n+1;
determining, performed by the receiver n, power of transmitter n; and
transmitting, performed by the receiver n, a power indication signal of
transmitter n to the transmitter n,

wherein the power of transmitter n is determined based on a residual in-
terference of the receiver n, and the power indication signal of
transmitter n indicates a minimun transmission power or a maximum
transmission power of transmitter n.

The method of claim 1, further comprising :

determing, performed by the receiver K, power of transmitter K based
on a residual interference of the receiver K; and

transmitting, performed by the receiver K, a power indication signal of
transmitter K to the transmitter K.

The method of claim 1, the power indication signal of transmitter n
includes 1 bit which indicates the minimun transmission power or the
maximum transmission power of transmitter n.

The method of claim 1, wherein K is 4 and each of the K transmitters
and the K receivers has 3 antennas.

The method of claim 1, wherein the residual interference of the receiver
n is determined based on the transmission power of transmitter i(i is
integer, 1 <i < K, not n).

A power control method for interference alignment in wireless network
having K transmitters and K receivers, the method comprising :
receiving, performed by a receiver n(n is an integer, 1<n<K-2), in-
formation for transmission power and quantized precoding vector of
transmitter n+1 from transmitter n+1;

determining, performed by the receiver n, a precoding vector of a
transmitter n+2;

calculating, performed by the receiver n, a residual interference based
on the quantized precoding vector of transmitter n+1 and a quantized
precoding vector of transmitter n+2, and a transmission power of the
transmitter n+2; and

transmitting, performed by the receiver n, the quantized precoding
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vector of transmitter n+2 and information for the transmission power of
the transmitter n+2 to the transmitter n+2.

The method of claim 6, further comprising :

receiving, performed by a receiver K-1, channel information from other
receivers;

determining, performed by the receiver K-1, a quantized precoding
vector of a transmitter 1 based on the channel information; and
transmitting, performed by the receiver K-1, the quantized precoding
vector of the transmitter 1 to the transmitter 1.

The method of claim 7, further comprising :

receiving, performed by a receiver K, information for quantized
precoding vector of transmitter 1 from transmitter 1;

determining, performed by the receiver K, a precoding vector of a
transmitter 2;

calculating, performed by the receiver K, a residual interference based
on the quantized precoding vector of transmitter 1 and a quantized
precoding vector of transmitter 2, and a transmission power of the
transmitter 2; and

transmitting, performed by the receiver K, the quantized precoding
vector of transmitter 2 and information for the transmission power of
the transmitter 2 to the transmitter 2.

The method of claim 6, further comprising :

receiving, performed by a receiver K-1, information for transmission
power and quantized precoding vector of transmitter K from transmitter
K;

determining, performed by the receiver K-1, a transmission power of a
transmitter 1; and

transmitting, performed by the receiver K-1, the transmission power of
the transmitter 1 to the transmitter 1.

The method of claim 6, wherein K is 4 and each of the K transmitters

and the K receivers has 3 antennas.
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[Fig. 2]
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[Fig. 6]
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[Fig. 7]
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[Fig. 9]
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