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Abstract

Interference alignment (IA) is a joint-transmission teiciue that achieves the maximum degrees-of-
freedom (DoF) of the interference channel, which providesdr scaling of the capacity with the number
of users for high signal-to-noise ratios (SNRs). Most pwork on IA is based on the impractical assump-
tion that perfect and global channel-state informationl{@Savailable at all transmitters. To implement
IA, each receiver has to feed back CSI to all interferersyltieg) in overwhelming feedback overhead. In
particular, the sum feedback rate of each receiver scakdrgtically with the number of users even if the
quantized CSl is fed back. To substantially suppress fegdbeerhead, this paper focuses on designing
efficient arrangements of feedback links, calfeddback topologies, under the IA constraint. For the
multiple-input-multiple-output (MIMO)K -user interference channel, we propose the feedback tgpolo
that supports sequential CSI exchange (feedback and feeatft) between transmitters and receivers so
as to achieve IA progressively. This feedback topology @nshto reduce the network feedback overhead
from a quadratic function of{ to a linear one. To reduce the delay in the sequential CSlamgdh an
alternative feedback topology is designed for supportimartiop feedback via a control station, which
also achieves the linear feedback scaling with Next, given the proposed feedback topologies, the

feedback-bit allocation algorithm is designed for allingtfeedback bits by each receiver to different
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feedback links so as to regulate the residual interfereacsex by the finite-rate feedback. Simulation
results demonstrate that the proposed bit allocation léadsgnificant throughput gains especially in

strong interference environments.
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. INTRODUCTION

In a wireless interference network, interference aligni{&h) maximizes the number of decoupled
data links, calleddegrees of freedom (DoF), by aligning the cross-link interference signals éaich user
in a subspace of the signal space extended over time, fregquenspace. Such alignment requires the
acquisition of perfect and global channel sate informatriransmitters (CSIT), incurring potentially
overwhelming CSI feedback overhead in practice. Therefime efficient CSIT acquisition remains the
key challenge for implementing IA techniques and is the ntlagme of this paper. Specifically, efficient
arrangements of CSI feedback links, callsgdback topologies, are proposed for reducing the sum
feedback overhead for IA. This overhead is further reducgdiynamically distributing CSI bits over
feedback links under a sum feedback constraint.

The original IA techniques achieve the maximum DoF of theuser single-antenna interference
channel, namelyK /2, by asymptotic signal-space expansion to attain the ecggdof the channel
variation in time or frequency, callesymbol extension [1]-[3]. Given symbol extension, the bounds on
the achievable DoF for multiple-input-multiple-output IMO) interference channel were derived in [4],
[5] and the optimal IA solutions were obtained in closedxiofor some specific settings. Due to the
impracticality of symbol-extension, recent IA researcls baen focusing on quantifying the achievable
DoF and designing matching IA solutions for a single rediira of the MIMO interference channel,
called theMIMO constant channel [6]-[10]. In particular, the IA feasibility conditions werderived
in [6]-[8] and iterative 1A algorithms for achieving suchratitions were proposed in [9], [10], which
exploit the channel reciprocity to achieve distributivepiementation. In addition, the IA principle has
been extended to design multi-cell precoding for celluawoeks [11]-[14].

In practice, CSIT required for 1A usually has to rely on firitge CSI feedback, callddmnited feedback,
from receivers to their interferers, resulting in impetf&SIT. The required scaling laws of the number
of feedback bits per user for the IA algorithms to achievertteximum DoF have been derived in [15],
[16]. In the literature of limited feedback, comprehendingted feedback algorithms have been designed
for the single-user (see e.g., [18]-[22]) and multi-useMd systems (see e.g., [23]-[25]). However,
there are few practical algorithms for limited feedbaclyéding IA, which motivates the current work.

This paper considers th&-user constant MIMO interference channel where each tratesmeceiver
employsM antennas. Based on the closed-form solution of IA precoterpropose the feedback topolo-
gies which can be implemented by a finite-rate CSI feedfaiveard feedback links. The contributions
of this paper are summarized as follows.

1) We propose the centralized-feedback topologies, calkedentralized-receiver feedback and star

feedback topology, where a particular receiver or CSI control station cofie€sl from all receivers,
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computes the IA precoders, and then communicates them teatgmitters. In the proposed feedback
design, the total number of complex coefficients for CSI exde, referred to a8S overhead, is
shown to scale with the number of usdislinearly rather thanquadratically for the conventional
approach where each receiver feeds back the CSI to all titiesthrough the feedback links for
the computation of IA precoder [1]-[5].

2) While the centralized-feedback method is efficient fog teduction in the CSI overhead, it still
requires a large amount of CSI overhead between receiveraraadditional CSI control station. To
address this issue, we further prop@38-exchange feedback topology where the IA precoders are
sequentially computed based on the exchange of pre-deiednprecoders (under the existence
of feedforward/feedback channels) between subsets ofrtridtiers and receivers. The proposed
feedback design is performed on the distributed networkauit the centralized station that gathers
CSI from all receivers. As a result, the proposed CSl-exgbhdaedback topology yields dramatic
reduction of CSI overhead especially wh&nis large.

3) For practical implementations, we consider the impacimited feedback on the performance of
the feedback topology in the interference network. Assgntiivat random vector quantization (RVQ)
in [22] is used for quantizing CSI, the expected cross-linteiiference power at each receiver is
upper-bounded by sum of exponential functions of the numbgfeedback bits sent by the receiver.
Both the centralized-feedback and CSl-exchange topdagyie considered in the analysis.

4) Minimizing the upper bounds on the above interferencegrayives a dynamic feedback-bit alloca-
tion algorithm based on the water-filling principle. Suchadgorithm is shown to provide significant
capacity gains over the uniform feedback-bit allocatiopeegally for high SNR’s.

5) Using the proposed feedback topologies, we derive theineg) number of feedback bits sent by
each receiver for achieving the same DoF as the case of p&&iT, which increases linearly with
K and logarithmically with the transmission power.

The remainder of this paper is organized as follows. In 8acli, the system model is described. The
three CSI feedback topologies are proposed in Section He &ffect of CSl-feedback quantization is
analyzed and the dynamic feedback-bit allocation algorith proposed in Section IV and V, respectively.

Section VI provides simulation results and the concludieigpairks are followed in Section VII.

[I. SYSTEM MODEL

We considerK pairs MIMO interference channel where each node hAsintennas and deliver$
data streams to the target receiver over a common spectiuenwireless channels are characterized by

path-loss and small-scale fading and all channel-fadirgfficients are assumed to be independent and
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identically distributed (i.i.d) circularly symmetric cqrtex Gaussian random variables with zero mean
and unit variance, denoted &3V (0, 1). Let the M x M matrix H"! group the fading coefficients of
the channel from transmittgrto receiverk and thusH[*7! comprises i.i.dCA(0,1) elements. Then, the

—a/2

channel from transmittef to receiverk can be readily written ag,; H!*], wherea is the path-loss

exponent andiy; is the propagation distance. L&tV = [vgj] : --v([ﬂ andR[F = [r[lk] : --rgﬂ denote
1112 2
M x d precoder at transmittef and receive filter at receiver, WhereHvzmH = Hrik}H =1, Vi. Then,

the signal vector received at receiveffor the i-th data stream can be written as
y[k] _ /Ed—aﬂH[kk]v[’ﬂsk + Z ‘ lfd—aﬁH[kk]v[’ﬂsk + Z ‘ /fd_?‘/zH[kﬂv[ﬂSj +n, (1)
7 d kk i 21 — d kk 1~ pori d kj

wheres® = [s} - - SS]T denotes the data symbols with = CA(0,1), P is the transmission power and
ny is additive white Gaussian noise (AWGN) vector with the a@@ce matrixI,,.

Throughout this paper, we consider FDD system and assurhedbh receiver has perfect knowledge
of the fading coeﬁicient$Hme] }5:1' For the case of perfect CSIT, all interfering signals ahe&ceiver
can be fully eliminated by using IA precoders and ZF receilier§ so that the achievable throughput is

given by

K

d
Rperfect — Z Z 10g2 <1 + Pdk_)]g

k=1 1i=1

I gk A ‘2> . o)

A. Closed-form |A Precoder

In [8], Bresleret al. prove that IA over MIMO constant channel is feasible if andlyahthe number of
antennas satisfiel > d(K +1)/2 under the symmetric square case where all transmitterseagivers
are equipped with the same number of antennas. Moreoveactiievable DoF and feasibility of 1A in
asymmetric transmit-receive antennas have been studideuger interference channels [17]. However,
the transceiver designs of IA satisfying above feasibiitydition are not explicitly addressed except for
K = 3 and global CSl is required at all transmit sides for the cotafan of IA precoders [1]. In [28],
the closed-form IA solution for a single data transmissi@s been proposed under the constraint of
K = M + 1. The main principle of closed-form IA is that thé + 1)-th and (% + 2)-th IA precoders are
designed for aligning the interfering signals from trartseni(k + 1) and (k 4 2) in the same subspace at
receiverk. Then,(K — 1) dimensional interference vectors lie i — 2 = M — 1 dimensional subspace
at each receiver, which allows one dimensional interfezefnee link for each receiver. Extending the

closed-form IA solution for a single data stream to the casmualtiple data streams transmission, we
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obtain the IA conditions as follows.
span (H[mV[Q]) = span (H[13}V[3}) at receiver 1
span (H[zg}V[?’]) = span (H[ZA‘}VM) at receiver 2
3
span (H[(K_l)K}V[K}) = span (H[(K_l)l]Vm) at receiver (K — 1)
span (H[KI]V“]) = span (H[KQ]Vm) at receiver K
wherespan(A) denotes the vector space that spanned by the columhsigbte thatpan (HF1HVIF) =
span (H[k_lkJrl]V[kJrH) = span (V[k“]) = span ((H[k_lk“])_1H[k_1k]V[k]> and{span (V[k})}fj:l
are concatenated with each other. From (3), IA precoders@rguted by
vl — { cigenvectors of ((H[(K—l) 11)—1 HIK-DK] .. (H[131)—1 H2] (H[Km)—l H[Kl])
vi2 — (H[m])—lH[Kuvm
VI8 — (H[m])—l H2v 2 (4)

VIE = (HI(K-2) K})‘lH[(K—2) (K-1)]yI[K-1]
and then each column of the precoders is normalized to haveanm. From the design of IA precoders
in (4), total (K — 1)d dimensional interferers are shrunk into t#€ — 2)d dimensional subspace at each
receiver. Since the desired signals occdmyimensions of thél/ dimensional receive space, the number
of antennas should satisfy at leadt = (K — 2)d + d for the proposed IA design. Given these antenna

configurations, we can achievieDoF for each user under the design of ZF receive filter.

B. Feedback Structure

In the existing IA literature, the design of feedback toggids not explicitly addressed. Existing works
[15],[216] commonly assume that each receiver feeds backesitienated CSI to all transmitters. This
corresponds to éull-feedback topology as illustrated in Fig. 1. We consider the full-feedback logyg
as the conventional feedback approach for achieving IA aadsure its efficiency as the CSl overhead

N= Y (VR (5)

mke{1,2, K}
WhereNﬁF';k} denotes the number of complex CSI coefficients sent fromivercé to transmitterm and
NF[{’?I“] from transmitterk to receiverm. According to the feedback approach in [15], each receiver
feeds back all interfering channels by broadcastifig— 1)M/? complex coefficients to all other nodes
assuming no errors. The total CSI overhead, namely the nuaftEhannel coefficients exchanged over
the network, is given by
Nep = K(K —1)M? (6)
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Transmitters Receivers

Fig. 1. Full-feedback topology for achieving IA.

where the overhead/rr increases a®)(K?2M?) whereas the network throughput grows linearly with

K. Thus the CSI overhead may outweigh the resultant througggpin for largek.

I1l. CSI-FEEDBACK TOPOLOGIES

The conventional 1A technique potentially leads to unataiele CSl-feedback overhead given the
existence of many feedback links. To reduce the requireroémlobal CSI, the numerical methods
have been proposed in the iterative algorithm which praively update the transmit/receive filters by
using local channel knowledge at each node [10]. This iterahethod achieves the full DoF under the
feasibility conditionM > d(K + 1)/2, but it results in a slow convergence rate that causes the hug
amount of system overhead. In this section, we propose tactipal CSI feedback topologies, namely
the centralized-feedback and CS-exchange topologies. The design of proposed feedback topologidd bui
upon the closed-form IA solution in (4) and the efficiency isasured by the metric in (5). To implement

the proposed feedback topologies, we make the followingrapsons:

1) Centralized-feedback topology: In order to design thered¢ized-feedback topology, we assume that
each receiver directly exchange the estimated CSI withrethéhis framework is feasible for the
receivers who are located close together and linked withllacea networks such as Wi-Fi [26],
[27]. Moreover, the uplink coordinated multi-point (CoM#&)stem which provides the high-capacity
backhaul links between base stations can be applicabléiistenario.

2) CSl-exchange topology : CSI can be exchanged in both tdirebetween a transmitter and re-

ceiver through feedforward/feedback channels. The efiécjuantization error due to the limited
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Transmitters Receivers Transmitters Receivers

(b)

Fig. 2. Centralized-Feedback Topologies.

feedforward/feedback channels is discussed in next sectio

A. Centralized-Feedback Topology

ConsiderK = 4 user interference channel withl = 3d. From (4), the 1A precoder& [l V2 VI3l
and V4 are represented as
VIl = d eigenvectors of ((HPY) ™ B4 ()~ B (H19) T 02 (HI) T HA)
v — (Hmz})—l HAv
v — (Hus})—lﬂuz}vm
Vil = (HR) T gV
and normalized to unit norm at each column. As shown in (79, gbt of product channel matrices
((E18) T 0 (HER) T ER, (HBY) T B, (HE2) T HEUY are commonly used for computing

()

all 1A precoders. By allowing CSI exchange between recsiwee propose the feedback topology where
a particular receiver collects CSI from all other receiyersmputes all precoders and send them to
corresponding transmitters. This topology is caltedtralized-receiver feedback topology as illustrated

in Fig. 2 (a). Without loss of generality, let receiviebe the one that collects CSI form others to compute
precoders. This results in two-hop feedback channels &sn@l (i) the feedback channels that each of
(K — 1) receivers sends the interfering matrix comprisihf} coefficients to receivet and (ii) the
feedback channels that receivertransmits a precoder ai/d coefficients to each of{ transmitters.
Combining the overhead in (i) and (ii), we obtain the CSI tad in the centralized-receiver feedback
topology as

Ner = (K — 1)M? + KMd. (8)
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Algorithm 1: Star feedback topology

1. Computation of VI, ... VIE] : The CSI-BS collectdI* = (H[’f’_f]>_1 HI¥* from the receiver
k, Yk, wherek = mode(k + 1, K) + 1, k = mode(k, K) + 1 andmod(n, k) represents the modulo
operation.

2. Broadcasting V!, ..., VIK] : CSI-BS transmitsV[*! to the corresponding transmittéy V.

However, a huge burden of computation and feedback overheaaentralized at receivdr in the
proposed topology. To address these issues, we propostathieedback topology illustrated in Fig. 2
(b) and describe details in Algorithm 1. The star feedbagokogy comprises an agent, called {68
base station (CSI-BS) which collects CSI from all receivers, computdspabcoders using IA condition
in (3) and sends them back to corresponding transmittemsilé8ito the centralized-receiver feedback,

the CSI overhead for the star feedback topology is computed a
Ngg = KM? + KMd. (9)

From (8) and (9), the CSI overhead of centralized-feedbapklbgies is scaled witkD (K M?).
Remark: In the case that CSI sharing is valid for the transmitters,designcentralized-transmitter
feedback, where the interfering channels from all recsiege fed back to the particular transmitter and
then all precoders are computed and exchanged with othesntitters. While the computed precoders
at receiver 1 are fed back to the corresponding transmitteise centralized-receiver feedback topology,
the centralized-transmitter feedback topology requinesfeedback of interfering channel matrices from

receivers to transmitters.

B. CS-Exchange Topology (K > 4)

In the centralized-feedback topology,!! is solved by the eigenvalue problem that incorporates the
channel matrices of all interfering links which causes aigigant overhead for the case of many links
or antennas. To reduce the CSI overhead for the computafidil's, we design two interferers from
transmitterl and2 are aligned in the same subspace at recdier- 1) and K as following conditions:

span(HIK=D V) = span(AIK-DAVEL)  at receiver (K — 1)
span(HIE V) = span(HIK 2 VI2) at receiver K

(10)
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Fig. 3. CSl-exchange topology for achieving IA wiki=4 and M=3.

Substituting (10) with last two conditions in (3), IA preaad VI V2 VK] are modified as
VIl = d eigenvectors of ((HIC<D1) ™ HI0<1 2] (plial) gk
vz — (H[Kz})—lH[KuVm
VI8 — (H[ls})—lﬂ[mv[z] (11)

VIE] = (HI-2) K1) T I (D] K1),

From (11), thek-th precoderV!*! is sequentially determined by the product of pre-deterdhive:—!
and the estimated channel matrfE1((+—2) ) "' F(k=2) (-=1)] at receiver(k — 2) for k > 3. These
properties motivate the design of sequential CSl-exchdapgelogy in Algorithm 2, which only ex-
changes precoding matrices between transmitters andveeseifter the computation 67!} and VI2.
Fig. 3 illustrates the CSl-exchange topology fir = 4 user interference channel and its procedure,
Ry V;—[);] Ty, Ry Vﬁ Ts V—>[2] Ry V—>[3] Ty V—>[3] Ry \;—? Ty, whereT,, and R,, represent transmitten and receiver

1) 2) 3) 4)
n, respectively.

Let denoteHr 1 — (H[(K—l)”)_lH[(K—l)Q} andH! — (H[KQ})_lH[K”, respectively. In Algo-
rithm 2, receiver(K — 1) transmits CSI of the product channel matiiIéK_” to receiverK, which
comprisesM? complex-valued coefficients. USian[eK_l] and H[EK}, receiver K computes theMd
complex-valued precodefé!! and V%, and feeds them back to the corresponding transmiittmd 2.
Then each precoder is determined by iterative exchangeeabpers between transmitters and interfered

receivers. In each round of exchange, the number of nonpefticents of feedforward/feedback becomes
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Algorithm 2: CSl-exchange topology

1. Computation of VI and V2

Receiver(K — 1) forwards the matrixH[eK -1 to receiverK. Then, receiverl computesV“] and
V2 using (11) and feeds them back to the corresponding traresrhiind 2.

2. Exchange of precodersvl?, ... VIX]

for k=2:(K —1) do

L Transmitterk forwards V¥l to receiver(k — 1). Then, receivefk — 1) calculatesvV*+! and

feeds back to transmitteik + 1).

2Md. Therefore, total CSI overhead in the CSl-exchange togotequires
Nex = M? +2Md + 2(K — 2)Md
= M? +2(K — 1)Md. (12)

From (12), the proposed topology provides much less CSlhaaat for achieving IA, namely on the
order of KM, whereas the conventional feedback approach requiresettbbéick overhead af2M2
order. Comparing (12) with (8) and (9), the product channatrives for computingv!!! in the CSI-
exchange topology requires constaiit overhead in any< user cases while that of centralized-feedback

topologies increase witli M 2.

C. Comparison of Centralized-Feedback and CS-Exchange Topology

While the CSl-exchange topology degrades the amount ofbtegd overhead compared with the
full-feedback topology, it incuR(K — 1) iterations caused by the procedure of multiple-hop feedfor
ward/feedback between the transmitter and the receivethésumber of iterations is increased, the full
DoF in K-user interference channel can not be achievable sinceisiesathe time delay of transmission
that results in significant interference misalignment fastffading. However, the centralized-feedback
topology is robust against channel variations as it regquirdy two time slots for the computation of IA
precoders in any number of us&f. Compared with the CSl-exchange topology, CSI-BS that eotsn
all pairs of transmitter-receiver should be implementethasadditional costs in the centralized-feedback
topology. In addition, the feedback overhead is increaséu @ (K M?) which is larger thar© (K M) in
the CSl-exchange topology. Fig. 4 compares the CSI overbkpposed feedback topologies b 1
scenarios. We figure out that the full-feedback topologyijates dramatic CSI overhead compared with

the proposed feedback topologies, while centralizedHaekl topologies show slightly larger overhead
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Fig. 4. Comparison of CSl-feedback overhead in the proptspdiogies.

than that of CSl-exchange topology.

IV. EFFECT OFCSI-FEEDBACK QUANTIZATION

The proposed feedback topologies are designed under tbenpssn of perfect CSI exchange in the
preceding section. However, in practical communicatiostesps, CSI is quantized at each receiver and
sent back to the corresponding transmitter through theefiaite feedback constraints which causes the
performance degradation due to the residual interferenoecaive sides. In this section, we analyze the
throughput loss in the proposed feedback topologies dueetdirhited feedback channels [25]. The RVQ

is used for CSI quantization and a single data transmissienl is considered for analytical simplicity.

A. Throughput Loss Analysis

Prior to deriving the throughput loss, we quantify the qimation error with RVQ using the distortion
measure. Let denote/d x 1 beamformewn!*! at transmitteik, satisfyingHv[’“]H2

= 1 and the quantization
codebookV known to both transmitters and receivers. Givenfeedback-bits, the codebod¥ consists
of 2B+ independently selected random vectors from the isotrofstriloution on the M dimensional
complex unit sphere, wher®y = {¥1,..., %95, }. The quantized beamformer! is selected by the

minimal chordal distance metric:

v[¥ = arg min d? (V[k},\‘/,—) , (13)
v, EW
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whered (vI*,¥;) = sinfy, = /1 — \v[k]T\?if and#@,, denotes the principle angle betweell! and ¥;.
Using the quantized beamformel*!, we model thev*! as
M = (cos 0, )vIH + (sin ) AvIF]

=V1I—o,vl¥ + /o AvIEL (14)

where AvI*! represents the quantization error ¢! with unit norm ando;,= sin? 6,. From [31], the

_ NMa)

upper-bound of quantization distortion is given Byoy] < T'(M) - 2_%, wherel'(M) = —/=~ and

I'(x) represents the gamma function aaf
Let denotevl/] andil*! as the transmit beamformer and receive filter calculatetiérpresence of CSI

qguantization errors. Then, we write the residual interieeepower at receiver as

. al 4 al2
i =3P r[k]TH[kﬂ]V[ﬂ‘ (15)
k#j
and the sum throughput as
K —a | [k T pg k] k] |2
Pd, |r[ H"FS ‘
Riimited = kZ:llng (1 + FT : (16)

In this subsection, we derive the throughput Ids8;,,.,,, which represents the difference between the sum
throughput by perfect CSIT-based IA and limited feedbaakeul IA:A Rsym = Ew, [ Rperfect — Riimited]-

Then, the throughput loss is upper bounded as

K K —o | gkl Ekk] G R] |2
S = [ (4 PO [ (1 20
=1 k=1

X 2
= En [Z log, (1 + Pd,;lf“r[kHH[kk]v[kH )}
k=1

K -
“Enyy | 2 logy (1+ 1M + Pde
Lk=1
K

< En [Z log, (1 + Pd,;,f“r[’f”H[kk}v[k}f)}

k=1 , K A
0 ) | 4 By | 3 o (14 719)]
k=1

K

IO )|+ By | toe, (14 70)]

k=1

[ K
~Eny | X logy (1+ Pyt
Lk=1

= Em,yy [f: log, (1 + ﬂk])}

17)
where (a) follows the fact that[®], r/*!, ¥*] and#*! are independently distributed it/ <! and (b) uses
the characteristic of concave functidog(x). Applying Jensen’s inequality to the upper-bound in (17),

the throughput loss is upper-bounded by

1 K .
ARgm < K -log, <1 + = Eaw [Zkzl IWD . (18)
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This bound explains that the throughput loss is logaritlathicincreased with the sum of residual
interference. To minimize the throughput loss due to thentjmation error, we analyze the residual
interference at each receiver and regulate it by utilizingadable feedback-bits allocation schemes in

following sections.

B. Residual Interference Relative to Quantization Error

1) Centralized-Feedback Topology: In the centralized-receiver (star) feedback topology, wsume
that all receivers are connected to receiver 1 (CSI-BS) wigfh-capacity backhaul links which allows
receiver 1 (CSI-BS) to acquire full knowledge of CSI estiethat each receiver. Then, receiver 1 (CSI-
BS) can computes!! vI2 . v[K] using (4) and forwards them to the corresponding transrsitier
achieving IA. Given that the feedback ef*! has B, bits, the expected residual interference at each

receiver can be upper bounded as shown below.

Proposition 1. In the centralized-feedback topology, the expected residual interference at each receiver

can be upper bounded as
Exyy [ﬂ’ﬂ <T(M)- <Pd;}§‘ M2 4 P M 2—5k1> Yk (19)
given the number of feedback bits { Bj,}1-_,.

Proof: See Appendix A. |

In Proposition 1, the residual interference at receiveis generated by the misalignment between
interference from transmittér and k. The upper-bound of expected residual interference vénoes the
number of feedback-bits at each receiver and the path-letsgelen the pairs of transmitter-receiver.

2) C3Y-Exchange Topology: Under the finite-rate feedforward/feedback channels betvieansmitters
and receivers, we analyze the residual interference ine@&hange topology that consists of two types of
CSl exchange links: (i) exchange of the channel matrix betweceivef K —1) and K and (ii) sequential
exchange of quantized beamformer between transmittersrecaivers through feedforward/feedback
links. For tractability, we assume that receigt — 1) and K are located in local areas and linked
with high-capacity Wi-Fi links [26], [27]. This connectlyi is feasible in the integrated heterogeneous
network (e.g., Wi-Fi / cellular) which provides user coatérn in short-range area so that the perfect CSI
sharing is allowed to both receivers [32]. Then, receiecomputes botiv!!l andv!?), satisfyingv) =
HIEUGL — HIE2AGR and vIEI = glE-D11 — HIE-12y2] and feeds back the quantized
beamformerv!!) and v to transmitterl and2, chosen according to (13). Next, transmitéeforwards

v to receiverl. For vl¥ k = 3,... K, receiver(k — 2) sequentially designs!*! to be aligned with
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Fig. 5. Quantization errors at receiverand K in the CSI-Exchange topology.

v = B2 (-UIgl-1 where span (V) = span ((BIE=28) 'v[2) and feeds back the
quantizedv*! to transmitter. In following Proposition, the upper-bound of residuakirierence averaged

over all random choices of codebooks and channels are derivihe CSI-Exchange topology.

Proposition 2. In the CS-exchange topology, the expected residual interference at each receiver can be

upper bounded as

Exy [ﬂ’ﬂ < T(M)- (Pd,;g;m) M2 2—%> L k=1,.. (K —2)
Egwy [ﬂK—”} < T(M) - (Pd(‘[?_l)l M 27 L P M2 2—%) (20)

Ex [ﬂfﬂ} < T(M)- (Pd;;; M2 27N 4 PdS M2 2‘%)
given the number of feedback bits { By}, .

Proof: See Appendix B. [ |
In Proposition 2, the expected residual interference in@Gi¢-exchange topology is characterized as
a function of the feedback-bits at each receiver and pah-hetween the pairs of transmitter-receiver.
Sincev!ll andv[? are designed based on the IA condition (10), both quantiz8dand v[? affect the
residual interference at receivek — 1) and K in (20). However, other receivér sequentially designs
vI¥+2] based on the pre-determinéd*!l so that the interference at receivieiis only affected by the
quantization error o2 respectively. Fig. 5 depicts the residual interferenceeagiverl and K in

the CSl-exchange topology, as an example.

C. Effect of Imperfect Local CS Exchange

The effect of imperfect CSI exchange between receivers dsudsed in this section. In particular,

the required number of CSI bits for such an exchange is difiweboth the centralized-feedback and
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CSl-exchange topologies as follows.

1) Centralized-Feedback Topology: In limited feedback channel between receivers and CSI-BS, t
receiverk quantizes channel coeﬁicientsﬂﬂk] that consists ofi/? compelx values and sends them to the
receiver 1 (CSI-BS). Using the result in [15] that shows eafathannel matrices requir¢s/? —1) log, P
bits quantization to obtain the full DoF, we obtain the tatamber of CSI bits for the local CSI exchange
asBy = K - (M?* — 1) - log, P bits in the centralized-feedback topology.

2) CS-Exchange Topology: Under the assumption of the finite-rate feedback channeldest receiver
(K — 1) and K, we analyze the quantization error of channel matrix andvelehe required CSI bits

for achieving the full DoF in the CSl-exchange topology. Besume that the receivek’ — 1) quantizes
vec(HLK*”)
S

and M? dimensional random vector codebooks = {1?11, ...,HQBM}, the quantizecf{[eK_” is modeled

H ! with B); bits random codebooks and feeds back to the recéiveosing h =

as

AE = /Ty B oy AR (21)

wherevec (H) denotes the vectorization of a matiX, AHF Y represents the quantization error with

unit norm andE [oy/] = T'(M?)-2~ 27, Sincevl! is determined by the eigenvectorHt{eK_”H[eK] in
(11), the quantized CSI CHLK_” causes an inaccurate computationvdf in limited channel feedback

between receivers. The requirét}; bits are derived in the following lemma.

Lemma 1. Computation error of v[!/ due to the imperfect CSl exchange between receivers is upper-
bounded by

2
S [
E [HMMH ] <o s . (22)
k=1k#m |(/\m - /\k)|
where vl = v,, and v,, and )\,, are the m-th eigenvector and the corresponding eigenvalue of

H[eK_”H[eK}, respectively. Moreover, By, = (M? — 1) - log, P bits are required to achieve the full
DoF in the feedback channel between receiver (K — 1) and K.

Proof: See Appendix C. [ |
Since the receivers are located close together and CSladlyaexchanged via high-capacity channel
such as Wi-Fi, the required number of CSI bits can be providedoth the centralized-feedback and CSI-
exchange topologies. Then the limited number of feedbatskftim receivers to transmitters becomes a

dominant factor to degrade the system performance in theoped feedback topologies.
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Fig. 6. Dynamic feedback-bits allocation scheme and thengbtbits-allocation solution.

V. FEEDBACK-BIT ALLOCATION STRATEGIES

In cooperative base-station systems, adaptive feedbagatiitioning between desired and interfering
channel at each receiver has been proposed to minimize tlam toss of sum throughput in [29],
[30]. This motivates us to design the dynamic feedback{mtation strategy that adaptively distributes
the number of feedback-bits to each pair of links for minimgzthe throughput loss. To implement
the feedback-bits allocation scheme, we consider the alezgd bit controller which gathers channel
gains from all receivers and computes the number of feedbasKor each receiver. Fig. 6 depicts the
structure of dynamic feedback-bit allocationAftuser interference channels under the constraints of total
Br feedback-bits.
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A. Dynamic Feedback-Bits Allocation for Minimizing Throughput Loss

The throughput loss is characterized by the sum of residtedference in (18). Therefore, we formulate

the solution of dynamic feedback-bit allocation as follogioptimization problem :

K R
min Z EH,W [[[k}}
B k=l (23)

K
s.t. Z By, < Bp
k=1

whereB = {Bjy, ..., Bk } are the non-negative integers. From the results in Prapositand 2, (23) can

be transformed to convex optimization problem :
K B

min 3 a,2” w1
B k=1 24
K (24)
s.t. Z B < Br.
k=1

Here, we define‘[ak}ff:1 in the centralized-feedback topology as
ap =T (M) (Pd;: - M? + Pd;" M2) k=1, K (25)

wherek = mod(K + (k—3), K)+1 andk = mod(K + (k—2), K) + 1, respectively. Moreovetay } 1,

in the CSI-Exchange topology is defined as
ar = T(M) - (Pds - M2+ Pdge_ - M?)
az = T(M) - (Pdge_ - M2+ Py - M?) (26)

ar = T(M) - Pd;® -

In order to solve the constrained optimization problem if)(2ve formulate the Lagrangian and take

M?, k=3, .. K

derivative with respect t@;. Then, we have

L= Z ak2—% +v <Z By, — BT> (27)

keu keu
and
OL _ By Qap,
— =-2"wm-1]n2 = 28
OBy g =0 (28)

wherev is the Lagrange multiplier antl is the set of feedback link¥ = {1, ..., K'}. From (28), we

obtain B, as
B, = (M —1)-log, [ -2 (29)
M-—-1
under the following constraint
Hak
M—-1)-1 =B 30
> (- 1)y (%) = B (30

keU
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Algorithm 3: Waterfilling Algorithm for Dynamic Feedback-Bit Allocatio
1. Waterfilling Solution

1=0;
U={1,.. K},

while i=0 do

Determine the water-level = Br + > (M — 1) - log, (1\/{1:1>'
=

Choose the user sét = arg max{M‘1 ke U}.

ag

if v — (M — 1)-[U|log, ({{;1) > 0 then {B} : k € U} is determined by (31).

1=i+1,;

| else Let defineU = {U except for £*} and B;. = 0.
2. Decision of Feedback Bitdnder the integer constant, the optimal feedback-pi#$ : &k € U}

are rounded as
By, = | B;] (32)

that satisfieszk,K:1 B} = Br, where|z| is the largest integer not greater than

where y = 1“72 Combining (29) and (30) withB, > 0, the number of optimal feedback-bit; that

minimizes the sum residual interference is obtained as

B = (- 0= 1) oo, (1)) @)

where|U| denotes the cardinality of U angd= Bz + ge% (M —1) - log, (”{;1) The solution of (31)
is found through the waterfilling algorithm, described irgétithm 3.

As can be seen in Fig. 6, the optimal number of feedback#bjtss allocated over the inverse of the
interference channel gains due to the quantization errefdf until it does not overflow the water-level
chosen to satisfy the constraint 8fr.

« Overhead of the dynamic feedback-bits allocation : The computation of B}, : k € U} in (31) requires
the set of interfering channel gair{ak}szl at the centralized bit controller, which consists of the
variability of path-loss between cross-links. Since thaaiyic feedback-bits allocation is performed
by gathering a long-term CSI which represents a slow vditpltiompared with small-scale fading
channel, it does not require the frequent CS-exchange ketweceivers and the controller. This

provides the benefit of lower cost for implementation.

a if a>0

Ya)T implies that(a)™ = .
0 ifa<0
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B. Scaling Law of Total Feedback Bits

Each pair of transmitter-receiver obtains the interfeeefiee link for its desired data stream under the
IA strategies. However, misaligned beamformers in limiteddback channel destroy the linear scaling
gain of sum capacity, especially at high SNR regime. In thissection, we analyze the total number of
feedback-bits that achieves the same DoF as the case ofip€B¢in the proposed feedback topologies.
To achieve linear scaling DoF iR -user interference channel, the sum of residual interfarenaintains

the constant value over whole SNR regimes according to

DoF — lim Zawl[Rimied]
Pooo 08P

35 B [l (P [FOHOR90 )| - 35 By [log, (119)]
i=1

k=1

= lim

P—o0 log, P’
K e laln 12 K A
B Y il s ) B ] L U)) (33)
P—oo log, P P—oo log, P
5~ log, (Baw [[1])
> K — lim
P—oo log, P
(a)
=K

where (a) follows from the constant value pt;_, log, (EHW [IA["/’}D.
Let denoteB. as the total feedback bits that achieve linearly scaling R /K. Then we formulate

the sum residual interference as the functiorupfand By,

ké(:l log, (EH’W [IA[MD < ki:(:l log, (ak2_%>

K K B,
= logy (ag) + > log, (2—m> (34)
k=1 k=1
=C
whereC' > 0 is constant. From (34), we obtai;}. as
K
Bj = > By
k=1
K
=(M-1)- (Zlog2ak—C> (35)
k=1
K
:K-(M—l)-log2P+(M—1)-< logzdk—C’>
k=1

wherea;, = 4. Since the total feedback-bits is the non-negative integerdetermines7;. as
BT = nint(B7) (36)

wherenint(x) is the nearest integer function &f
Remark: Compared with the total feedback bits in the full-feedbamiology in [15] that scale with
O (K% (M?* —1) -log, P), the proposed feedback topologies requiB§s= O (K - (M? — 1) - log, P)
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Algorithm 4: CSI-Exchange Topology with Distributive Feedback-bitssQa

1. Feedback of¢!!l and ¥2I: Receiverk” computesvl®l and the corresponding feedback hit¢",
wherek = 1,2. Then,v[¥l is quantized tov*! using B{" bits random codebook and fed back to the
corresponding transmitté.

2. Feedback ofvll, ... vIK]

for k=3:K do
L (k — 2)-th receiver calculateB; feedback bits and!*l. Then,v*l is quantized tov*] and fed

back to the transmittek.

bits to achieve the full DoF. The smaller number of feedbait& kesults from the proposed feedback
structure that sequentially computes the IA precoder basethe pre-determined ones and exchanges
precoders between transmitters and receivers.

The required total feedback bits (36) that achi&éoF can not be computed without the centralized
controller. To implement the feedback-bits allocationhie distributedK -user networks, we modify the

constraint in (34) into the individual constraints of raeik as follows.

log, (EHW [ﬂ’ﬂ) < log, (akz—%) =<, V. (37)

Then, the required feedback big!" for the k-th beamformer that achiev& DoF are derived as
B = nint(BY) (38)

where Bf = (M — 1) - (logya, — £). From the components that consistaf in (26), BY_, and BY
are computed under the assumption of long-term CSI exchbatyeeen receive(K — 1) and K and
other B{" is computed with local channel knowledge at receiiier- 2). Based on (38), we design the
CSl-Exchange topology with the distributive feedbaclskatlocation, which achieves linearly scaling

DoF with K in limited feedback channel. The procedure is represeme&lgorithm 4.

VI. NUMERICAL RESULTS

In this section, we represent the performance of proposetkétiback topologies ik -user MIMO
interference channel with limited feedback. The throughpwrovement of dynamic feedback-bits al-
location in the different feedback topologies is verifiedngaring with the conventional case edual
feedback-bit allocation in which the number of feedback-bits sent to each transmgtequal and fixed.
Also, the scaling law of total feedback-bits that achievasis DoF as the case of perfect CSl is shown

in both centralized and distributeld-user network models.
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Fig. 7. Comparison of average sum throughput between theasth CSl-exchange topology iBr=16.

Fig. 7 and Fig. 8 show the average sum throughputi-oser 3x3 MIMO IA channel in limited
feedback channel, which are constructed by the star andeg$lange feedback topology with the
dynamic feedback-bits algorithm proposed in section V.. €omparison, the curve for equal feedback-
bit allocation is also plotted. We set the parametBis= 16 and 20, o = 3.5 and assume that each
pair of transmitter-receiver is uniformly distributed it the range o(dkj/dkk)k# € [1 3]. Moreover,
the small-scale fading is assumed to be static during theepiore of proposed feedback algorithms.
While the dynamic feedback-bits allocation scheme reguihe centralized feedback-bits controller, it
provides the performance enhancement than the equal feletita allocation scheme. The performance
gap between dynamic and equal bit allocation becomes langdgh SNR since the proposed feedback-
bits allocation effectively regulates the strong residonrference.

Compared the performance of CSl-exchange with that of sedtfack topology in the same feedback
bits, the CSl-exchange topology always provides a highertswoughput than the star feedback topology.
This is due to the different procedure of precoder desiginiitéd feedback environment, represented in
section IV.B. In the star feedback topology, all precodeessimultaneously computed at CSI-BS and fed
back to the corresponding transmitters through the limfigedback channel, which causes two misaligned
interferers at every receiver. However, all receivers pkéer receiver( K — 1) and K experience a single

misaligned interferers in the CSl-exchange topology,esidcprecoders are sequentially designed on the
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Fig. 8. Comparison of average sum throughput between theasth CSl-exchange topology iBr=20.

subspace of pre-determined quantized precoder.

In Fig. 7 and 8, we find that a linearly scaling DoF can not bei@@d in high SNR regimes since
the given By feedback-bits are not enough to manage the strong residieafeérence. In (36) and (38),
we suggest that the required number of feedback bits thagaehlinear scaling law of sum throughput
in both centralized and distributed networks. Fig.9 shdwesperformance of sum throughput under the

following two feedback-bits allocation schemes based &) éhd (38):

1) Centralized feedback-bits allocation strategy : It asssi that the centralized controller collects all
cross-link gains{ak}sz1 and computes3}, using (35) and (36). Each adB; is computed by the
dynamic feedback-bits allocation scheme in Algorithm 3.

2) Distributed bit allocation strategy: anﬂ,‘j* is sequentially computed based on the local CSI at

receiverk. Details are described in Algorithm 4.

Setting the parametexs = 2 and (dkj/dkk)k# = 2, the sum throughput in both two schemes shows
linear increase over the whole SNR regions and the totabfeadbits in both 1) and 2) are logarithmically

increased withP.
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Fig. 9. Scaling law of sum throughput in limited feedback rafnal.

VIl. CONCLUSION

In this paper, the efficient feedback topologies for IA hagerbproposed i« -user MIMO interference
channels. We showed that the proposed feedback topologiwgle the dramatic reduction of network
overhead compared with a conventional feedback framewarkA. In the context of limited feedback
channel, we analyzed the upper bounds of sum residual enéexée in given feedback topologies which
are equivalent to the sum throughput loss due to the qudiotizarror. Using these bounds, we suggested
the dynamic feedback-bits allocation scheme that minimigem residual interference with the water
filling solution. The performance gain of dynamic feedbédts- allocation was dominant in high SNR
regions while each of receiver is affected by a strong rediduterference. Furthermore, the scaling
law of feedback bits achieving IA is derived, which is linlgaincreased withK (M — 1) andlog,P.
For the practical implementation, we developed the feekibits allocation scheme that only requires
the long-term channel gains and distributive feedback-ba@ntrolling system without any centralized

controller.
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APPENDIX A

PROOF OFPROPOSITION1
In the centralized-feedback topology, the design of IA pdegs follows (4). From the IA condition (3),
the interference from transmittérandk is aligned on the reference vectof! = HIFH Ik — pkF[F
Vk. However, the finite-rate feedback channel from receiveL3I{BS) to the corresponding transmitters
causes the quantization error of beamformers so that thdusdsinterference is generated by both
quantizedv!*! and (¥ at receiverk. Then, we derivel ¥ as?

K
=3 pdol#

m=1,m#k

(k] pplkm] g [m] ‘2

. 12 = |2
= Pd " f-[k]TH[kk}{,[k}‘ + Pd°¢ HH[kk]{,—[k]‘ (39)

. _p)
— Pd;;;;aaig # HH[kk}AV[k]‘ + Pd oy

@

Sk ErIRR] A [F) ‘2

TEH | av ]| 4 Pazeo |

o

iH = (HFmIGm | m,m + k, k, k} and

-

where £l is designed to lie in the nullspace ¢, T#}, T
(a) follows from Cauchy-Schwarz inequality.

From this result, the expectation 6f! is upper-bounded by
(k] —a (k] || —a kR ||
Eaow [11] < PACE [og) B | [HM] 7] + PaoE [of] B | |[H|
< T(M)- (Pd;ij‘ M2 277 4 Pd M2 2—%> , Vk. (40)

APPENDIX B

PROOF OFPROPOSITION2

Consider the residual interference at recei€r— 1) and K affected by a misalignment between the

interference from transmitter and2. The 7151 is derived as

K
2
A —a A[K— K—-1)k]slk
=y Pd2 ), AE—1]rggl(K—1) }VH‘
k=1k#(K—1)
_ K— K— ~ K—
= Pd2_, SE—1]tgl( 1)11Vm‘ + P, —1Fggl(E-1) 21‘ (41)

—1tggl(K=1)1] Avm‘ + Pde 00| SE—1]tggl(K—1)2] Avmf

:Pd(_[? 11 0'1 r

B |~ e S

(K-1)1

2To derive the residual interference, the set{@f[’“LVk:} and v are assumed to be known at receiwer

3Note that|a'b|* < ||a||?||b||?, wherea, b € CM*!
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where# 1 is on the nullspace ofv ~! HIEK-D3IGEI ... g1 (K-2)]GIK-2] pyl(K-1) KIg[K]y

Then, the expectation of ~) is upper bounded by

Bew [ﬂK_l]] < Pd¢ 1, E[01]En [HH[(K_l)l]Hz] +Pd_),Eloe] En [HH[(K_l)Zle]

T —o 2 — —a 2 — B2
< T(M)- (Pd(K_l)l M2 97T £ PAGE ) MP 2 f) . (42)
Similarly, %] is designed to lie in the nullspace 661, HIK3IyBI ... HIKE-DIGIK-1} and then

151 is derived as

K
- -
M= 3" Pdg
k=1,k£K

KT pplKK g k] ‘2

— P2 f-[KHH[Kl}{,[l}‘z 4 P8 f-[KHH[Kﬂ{,m‘z (43)

2 2
— Pd;(‘i‘gl‘f-[KHH[Kl} Avm‘ + P80 |pIEITHIK AV@]‘

< Pd;f%0, f[K}TH[Kl}‘IQ" AV[HH2 + Pd7Sos f[KHHmH?H AVMHQ'

Then, the upper-bound of expectationty )y [IA[K]} is represented as

~ 2
Er1yy [I[Kq < Exw [Pd;;; plEITEIE ﬂv“]( + Pd8

Sl o [2) ﬂ

< (M) - (Pd;;;-MZ.T% +Pd;;;-M2.2‘%). (44)
From Algorithm 2, thev*+2 is sequentially designed on the subspace6f = HI* (:-+1I5lk+1] and
fed back to transmittefk + 2) through By bits feedback channel at receiverk =1, ..., K —2. There-
fore, the quantized!*+2 causes the misalignment Wilﬂk} which generates the residual interference at
receiverk. Then, we derived %! as

K

- B

=3 pa:
m=1,m#k

Sk gk ) ‘2

= Pd, 7,

2
i SRRk (k+2)] G lk+2] ‘ (45)

2
= Pd; 4000k +2‘f.[kHH[k (k+2)] A Ik +2]‘

< Pd

= ’;69+2)0k+2 f[’fHH[k(kH)]HzHAV[kH}‘F

where # is on the nullspace ofvi il and I* = {HE™Im |, m £ &,k + 1,k + 2}. From

this result, the expectation df*! is upper bounded by

7 = Br+2
EH,W [I[kq < F(M) - Pd; % . ]\42 .97 I&Ijl .

k (k+2) (46)
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APPENDIXC

PROOF OFLEMMA 1

K1)

Note that the inaccurate!!! due to the quantization error (HL is computed as

vl = eigenvector of (IA{[K_”H[K})

(47)
= eigenvector of («/ —om HK 1]HK] + /0 AHK 1]H[K]>
From the perturbation theory in [33], [34], we formulaté! as
M i [K—1] ¢y [K]
1l v, AHe H. v,
W=yl _ S . (48)

k=1k#m
wherevlll = v,, and {vi,...,vyr} and{\q,..., \ys} are the set of eigenvectors and the corresponding

K]

eigenvalues oH[K 1]H[ , respectively.

Therefore, the computation error &t} = vl — %[l is upper bounded by

o [ach] < o-s f

I -

e

Applying the result in (49) to Proposition 2 , the residudeifierence due to thAv!! is upper-bounded
by

2
T < poms S (dgey, i) MRl (50

K
Eaw | Y. Pdf|f s

k=(K—1)
and its value should be constant to achieve the full DoF. &foeg, the required feedback bits between

receiver(K — 1) and K is given by By, = (M? — 1) - log, P
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