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Abstract—In this work *, we consider the joint precoding across that, in wireless networks, the precision with which a ctelnn
K transmitters (TXs), sharing the knowledge of the user's data to a given RX should be known at a given TX depends on the
symbols being transmitted to K" single-antenna receivers (RXs). gistance between the TX and the RX. However, no result exists
We consider a distributed channel state information (DCSI) . . . . L .
configuration where each TX has its own local estimate of in the Il.tera}t.ure to describe .thls. e_ﬁeCt' Quant!fylng twe”
the overall multiuser MIMO channel. Our focus is on the knOWn intuition and translatlng it into an ef‘fICIent a||OKI:Ht
optimization of the allocation of the CSI feedback subject to a of the CSI is precisely the objective of this work.
constraint on the total amount of feedback. As a starting point, We start by analyzing a very simplified channel model,
we consider the Wyner model where we derive a distance-based referred to in the literature as thalyner model, in which

CSil allocation achieving close to the optimal performance using . .
only a small percentage of the total feedback. The approach rele (1€ TXS and the RXs are placed on a one-dimensional space

on the exploitation of the attenuation to restrict the cooperation (€.g. a line) and receive signals only from a few neighboring
at a local scale. Indeed, the CSI and the user's data symbols are TXs. This simplistic model has the advantage of being more

then shared to only a finite number of neighbors such that our tractable while still offering valuable insights on morelistic
approach appears as an improved alternative to clustering. channels. This model has been introduced in [11] and has
been very successful since, particularly to model coomerat

in wireless networks [12]—-[14]. Furthermore, its simglidhas

~ Network or Multicell MIMO methods, whereby multiple 4jiowed the development of the approach which could then be
interfering transmitters (TXs) share user messages and @kended to more general channel models [15].

low for.joint'precoding, are currentjy considered for next |, this work, we use an asymptotic analysis taking into
generation wireless networks [1]. With perfect message agg.ount the geometry of the network to derive analytically a
channel state information (CSI) sharing, the different T48  gistance-base@S| allocation allowing for a large reduction of
be seen as a unique virtual multiple-antenna array Servifigy csj required at the TXs at the cost of reduced performance
all receivers (RXs), in a multiple-antenna broadcast cBanfosses. Furthermore, the CSI allocation proposed redinees t
(BC) fashion. However, the allocation of the data symbols ary4ring of the user's data symbol and the CSI at a local scale
the CSI to the cooperating TXs impose huge requiremenf§y consequently reveals itself as a realistic alternative

on the architecture. The common solution is to use diSjOiEFustering, with improved performance and similar cost.
clusters to reduce the amount of data to be shared [2], [3].

Yet, clustering limits the performance of the system beeaus Il. SYSTEM MODEL

of the interference created at the edge of the clusters. We consider the distributed CSI (DCSI)-MIMO channel,

_ In rece_nt works, adaptive allocation _of the CSI feedback bif, \vhich K transmitters (TXs) transmipintly using linear

in a multicell network has been studied [4]-[7], yet, alwayg§ecoding tak receivers (RXs) equipped with a single antenna
considering that the TXs jointly designing the beamformetg,q applying single user decoding. Each TX has the knowl-
were sharing thesame channel estimate. On the oppositegqge of thek symbols to transmit to thé& RXs. Besides the
we consider here the joint precoding from TXs having thei{nowledge of data symbol, each TX is supposed to acquire,

own local channel estimates which models more realisticallmrough an unspecified feedback or sharing mechanism, its
the cooperation of non-colocated TXs which are unlikely tgyn estimate on the channel vectors to all the users.

receive the CSI with the same delay and the same quality. Thisrhe channel is represented by the channel makixe

setting, introduced in [8], [9] as theistributed CSI(DCSI)- K xK anq the transmission is described mathematically as
MIMO channel, opens up completely new research problems

as it can be seen as a team-decision problem [10]. Y1 hilx m
Furthermore, it opens up the possibility to allocate each TX —Hz4n— : 1 L
with exactly the CSl it really needs. Indeed, it is very itittg u '
YK hixx nNK
1This work has been performed in the framework of the Europeseereh . . . . H 1K
project ARTIST4G, which is partly funded by the European d&snunder its WherEyi is the S|gnal received at theth RX, h’i € C** the
FP7 ICT Objective 1.1 - The Network of the Future. channel to the-th RX, n = [n1,...,nx]"T € CEX*! the zero
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mean unit variance i.i.d. complex Gaussian no&4/(0,1)). C. Asymptotic Approach
x € CK*1 is the transmitted signal obtained from the symbol

vectors = [s1, ..., sx|T € CEX1 (iid. CA(0,1)) as Thus, we consider this problem asymptotically in the SNR

and we aim in fact at finding the minimal CSI allocation
1 achieving the full Multiplexing Gain (MG) when the interfer
v Ts— [t ¢ ] : @ ence a.ttenuatlon increases in termsfbfWe will then.show_

Lo O : that this leads to an efficient solution for the optimization

SK problem (6). We start by recalling an asymptotic result for

, . ) the DCSI-MIMO channel without pathloss.
where T € CK*K s the precoding matrix and; ¢ CK*!

is the beamforming vector used to transmijtto RX i. We Theorem 1. [9] In the DCSI-MIMO Rayleigh channel with
consider a per-stream power constrajn|?> = P. K single antennas RXs arfd single antennas TXs, it is nec-
Our focus is on the maximization of the sum rate averag&gsary and sufficient with RVQ in order to achieve the maximal

over the fading distribution, where the rate of useeads as Multiplexing Gain to quantize each normalized channel eect
h; with a number of bits in the order @ ((K — 1) log(P)).
|hHit;|2 3 Furthermore, the maximal Multiplexing Gain is achieved if
iy mreE )| @) andonly if Bt — #2552 = 0(1/(P)).
. L , In the Wyner model, the factdk is replaced by the number
A. Distributed CSl and Distributed Precoding of non-zero coefficient, i.e3. We study the mean square error
In the DCSI-MIMO channel, thej-th TX has its own between the beamformer implemented and the beamformer
individual estimate of its channélf to RX i for all i, denoted with perfect CSI because this has been recognized in [9]
by h" and obtained fromRandom Vector Quantizationas being well adapted to the DCSI-MIMO channel. Indeed,
(RVQ)[16] using Bi(j) bits. We focus on interference IimitedeaCh_ TX implements one beamforming _c.:oeffl_ment and the
wireless networks working at high SNR so that we assunf@nsistency between the TXs has a critical impact on the
that Zero Forcing (ZF) precoders are used. The beamform@gfformance.
then read as

R, £ Enu [logQ (1 +

I1l. WYNER MODEL
, (HD) e,
. @ 2 J : T .
Vie{l,...,K}, ¢ = PH(ﬁi_ll (4)  We consider a finite linear version of the Wyner model
”( ) eill where K TXs equipped with only one antenna are uniformly

Although a given TXj may compute the whole preCodingdistributed along a line. A RX receives interference coming
matrix T, only the j-th row will be used in practice. Finally, from its two direct neighboring TXs with an interferenceeatt
the effective precoder is given by uation factor equal t. € (0, 1), while the short term fading

is assumed to be Rayleigh distributed. Thus, the multiuser

@ ) 7 channel matrixt € CX*¥ is a tridiagonal matrix defined as
11 12 e 1K
. L . . P 0 0
M I h f .
ore detail on the distributed precoding can be found in [9] HA 0 b d; Ja; 0
B. Optimized CSI Allocation o ... 0 . 0
. .. 0 0 /AbK_l dK_1 HA K1
Depending on the CSI accuracy at a TX, the coefficients
0 e e N 0 ubK dK

implemented will be very different or not from the coefficign -
obtained with perfect CSI. Considering a realistic constra wherep,, d;, anda; are distributed as standard i.i.d. complex
on the total number of CSI bits transmitted via the mumus‘?ﬁaussian((j\/(o, 1)). We denote the estimatesof d;, anda;
feedback channel, which we denote B, ., the ideal ap- 4 TX j by b(.j), dgj)’ anda(j), respectively, while the estimate
proach would be to find the allocation of the feedback bitg, oo, o t;]em;)(j) Add) andAa®?), respectively
maximizing the average sum rate: v v '

K K K
maximize R;, s.t. Z Z ij) < Bmax- (6)
B}y o j=1i=1

A. Inverse of a Tridiagonal Matrix

The Wyner model allows to obtain a closed form for the
channel inverse [17], which we recall in the following and
However, this problem is very hard to solve because it isvell be useful to quantify the effect of the limited CSI.
discrete optimization where in each step we have to deriveWe start by introducing twak + 1 dimensional vectors
the sum rate with the partial CSI allocation. B 2 [B1,...,8k+1] anda £ [ag,...,ax]| which will be



used in the matrix inverse and are defined as symmetry. In a first step we consider the coefficient at TX
corresponding to the transmission of stream

1 , if 1=0
a; = ¢ dy if i=1 {HO-1} RN SR ) N ,
' ' J i—j Qoo ~(3) ©)
. = (— S i ES Y ) 4 Ad!
diOéi_l — /ﬂbiai_lai_g , if i=2,...,K {H(J)_l}ii ( 'u) dEQI+Aa§01 kl;[l(al*k al*k)
- ) (i i=5 Aq)
and ;&P 4AaD) J o L Aatl,
~ o s, (H ”) (Z 5
1 , if i=K+1 k=1 =1 Qjyy (8)
A —
Fi = ’ ff !_K where we have done a first order approximation in the error
diBis1 — p2bip1a:Biyo , ifi=1,... K-1 terms as the CSlI allocation will be derived so as to fulfill the

) ) ) scaling of the mean square errorlinP as given in Theorem 1.
The channel inversél—* then reads as follows. FII‘St, theTo proceed' we approximate the first ratio in (8) by keeping

diagonal elements for=2,...,n —1 are only the first order coefficients ip which gives:
2p.ai1cu 2 iaiBiao\ ~(5) (i i-
{Hil}x'z d— M bia;_106_2 _,LL b1+1a161,+2 a7y +Aaj71 N J ) () \—1
i1 i . ﬁ _— = ) (d k + Ad )
i—1 i+1 d(a)l +Aa(]_)1 P! :
while the two extremal diagonal elements read as i—j 1 i AdY) S
~ d9) Z j+L
2o B: -1 i~k 62(3)
) Pz 1 To obtain an approximate closed form for the channel inyerse
(H 1}, = <dn _H bnanlan2> ) we also need to approximate the diagonal terms in the denom-
Op—1 inator of the Left Hand Side in (8) as
Last, the off-diagonal elements are given by (H,— <d- 12074105512 _HQbiailaiQ);ll 10
j—i j—1 i1 — T . “ ’ i Q— i
=, - (=) (I Zy ag—r) G {H Yy i< P '
T (=) ;?C—:J'l bj+k)§"_“ (H 1Y, ifi>j. The sum of all the error terms arising in (8) has to tend
”1 to zero asO(1/P) due to the fact that the channel inverse
B. CSI Allocation in the Wyner Model elements given in (8) are further normalized so as to fuffille

the per-streampower constraint of.

We can observe in t.ht.e expressions given in Subsect.|0n ”I'Alnserting (9) and (10) in (8) we conclude by inspection that
for the inverse of a tridiagonal channel that the amplitutle is condition is fulfilled on the first order Wheﬁj) andd®
the coefficients in the inverse decreases exponentialihas ] . . G) . ¢
elements get away from the diagonal. or £ € {i - 1,.2 —2,...,j} as well asd;’’ are obtained from
To obtain analytical results at high SNR, we consider th r%e qugn'e;?rflon Oth?e Cr}f”;?lj‘gec(‘)‘”b‘;g tefi-Li-
the interference attenuation factercan be written as a fixed v d} I.n.ax( 085 (P ),0) ' .
fraction of P, i.e., P—< for a certain¢ € (0,1). Thus, the These conditions correspond only to the strongest require-

interference attenuation factor decreases as the SNRasgEse ment for that S”ea”? at that TX, but the other channgl
Note that this is only an artifact to model the impact oparameters need obviously to be also known, although with

the attenuation at high SNR, as the impact of the pathlo%éower accuracy. These additional requirements are adtain

is otherwise neglected. We confirm by simulations that ttpé/ grocFee(t:Jrl]ng S|m|IafrIy but .W'th 'Ik'];?ht?\r' oLder tapgrmélmatl?
performance remain good asincreases. In (9). Furthermore, for a given TX, this has to be done for

all the streams to be transmitted.

Theorem 2. Considering thaty = P~¢ for some¢ € (0,1), Yet, only the strongest requirements are of interest
it is sufficient in order to achieve the maximal MG to quantizand going through all the conditions, we obtain that the
the channel vectorg!! at TX j with a number of bits strongest requirements are fulfilled by allocating to FX
, . max (2 log, (Pp(=7)),0) bits for the vector quantization of
BY) = max(2log,(Pp*=1),0). (") h{ from whichd!?) stems, andnax(2log,(Pp2(=i+1), 0)

bits for the vector quantization oh!”’ from which &\
and Bg‘j) come. Taking the first, more constraining, condition

Proof: A sketch of the proof is given in the following concludes the proof. |
and more detail is given in [15]. Intuitively, the CSI allocation is based on the fundamental
We start by inserting the CSI error estimates in the offroperty that a given TX contributes a large power only to the
diagonal elements of the inverse given in Subsection IR, streams transmitted to neighboring RXs. When contributing
consider the coefficient with < ¢ as the casg > i follows by with only a small amount of power, a less accurate CSI is



then needed to maintain a constant interference leveledeapaper, but we conjecture it to (2 log(K P)) which can be

by the transmission of that stream. shown to be at least a lower bound for the scaling [15].
Achieving good performance requires the proposed CSI al-
C. Discussion of the Derived CSI Allocation location to be close t®(2log(K P)) wheny increases. Thus,

The increase of the feedback allocation to a given TX whel Propose a heuristic solution which preserves the prppért
the total number of cooperating TXs increases, i.e., itbraga local cooperation described above, yet converges to thieedes

in K, is a very good indicator of the feasibility of the CS'C_SI allocation whgm tends tOQ?(ne. It consists in finding iter-
allocation. In the full CSI allocation given in Theorem 1eth atively a Ksnr verlfylng that=emn < 1/(K5NRP) and then
number of feedback bits allocated per TX increases lineaff§€ the CSI allocation from Theorem 2 within(Ksnr, K) P
with the number of cooperating TXs since each TX needfstéad of onlyP. The numberisyz can be understood as
to know all the channel vectors. This is problematic becaubginNd the number of TXs which are inside the cooperation
adding one TX increases the feedback requirecalbtthe N€ighborhood and for which we apply the CSI allocation
TXs of the network and we discuss in the following thdvithout pathloss.

improvement brough by the proposed CSI allocation. E. Extension to More General Channel Models

Proposition 1. For finite P and p, the CSI allocation given  The analysis has been carried out in the Wyner model but
in Theorem 2 leads to a number of CSI bits allocated per Thas been extended &xponentially decayinghannel matrices
which does not increase with the number of cooperating TXghd polynomially decayinghannel matrices. These matrices
model much more realistically practical channels as they ha
only nonzero elements and solely a condition on the rate of
decrease of the outer-diagonal elements. Furthermosec#mi

given in Theorem 2 and a detailed proof is given in [15 . N )

o e shown to model well the wireless transmission from a linea
Intuitively, the boundedness of the number of feedback bifs . .
rray (e.g., TXs along a road). Interestingly, the propsrof

allocated to each TX follows from the exponential dece_ly cﬁ]e CSl allocation derived (scaling i, user’s data allocation)

the off-diagonal coefficients. This reduces the coopemnatin g{e not proper to the Wyner model and are preserved in the

alocal scalesince the power allocated to the transmission . . )
; : . other models considered. The extension can be found in [15].
datas to users asymptotically far away is asymptoticallglbm

With the sharing of the CSI, the second main requirement IV. SIMULATIONS
for joint precoding comes from the sharing of the user’s data
symbols to all the TXs. This condition cannot be fulfilled in
realistic networks when the size of the network increas
This represents an hindrance for the practical use of Iarv%%
cooperation areas and we now discuss whether full shari
of the data symbols is really necessary.

Proof: The proof follows easily from the CSI allocation

We simulate the average sum rate in the Wyner model
resented at the beginning of Section Il for a network mdde o
TXs. For comparison, we show the performance achieved
when perfect CSlis available at all TXs. To evaluate the
eﬁiciency of thedistance-basedCSI allocation proposed in
Theorem 2 using the heuristic described in Subsection JII-D
Corollary 1. Considering thag: = P~¢ for a fixed¢ € (0,1), we also compare it to two alternative CSI allocations usheg t
the CSI allocation proposed in Theorem 2 requires only trgame total number of feedback bits but allocated diffeyentl
sharing of symbok; to TX j if 2log,(Pp2"=il) > 0. Thus, the uniform CSI allocation and the conventionalustering
for finite P and p, each symbol is shared only to a finitesolution with disjoint clusters made 6f TXs.
number of cooperating TXs which does not increase with theln Fig. 1, we plot the average rate per user as a function of
total number of cooperating TXs. the normalized transmit power far= 0.5. The distance-based
L " CSl allocation outperforms the clustering solution whielisf
Proof: The proof is similar to the proof of Proposition Lo achieve a positive MG as well as the uniform CSI allocation

and is available in [15]. _ ' which becomes efficient only at asymptotically high SNR.
The distance-based CSI allocation extends to the routing of;, Fig. 2, we plot the percentage of the sum rate with perfect

the users data symbols. Combining the two properties, th&s) \hich is achieved using the different CSI allocatioms, i

proposed solution offer a practical alternative t0 CIUB®N  oymg of the interference attenuation factar Additionally,

T . we plot in Fig. 3 the matching number of bits used by the

D. Heuristic Anite SNR CSI Allocation distance-based CSI allocation normalized over the "ful8IC
The CSI allocation has been discussed only asymptotica#ljfocation2log, (K P). The proposed solution achieves most

and we aim now at using this insight to design a feedbadk the performance attained with perfect CSI while usingyonl

scheme performing well in realistic conditions. It is prdvea small percentage of the total feedback required.

in [18] that it is necessary and sufficient for achieving an

optimally scaling sum rate to use for each normalized chianne V. CONCLUSION

a number of bits in the order @P((K — 1)log(K?2P)) in a In this work, we have studied the allocation of the CSI

Rayleigh fading channel with distributed CSI. The adaptati bits to non-colocated TXs cooperating to transmit jointy t

of this formula to the Wyner channel is out of the scope of thibeir associated RXs. For the Wyner model, we have derived
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Fig. 2. Percentage of the sum rate achieved with perfect €&rms of the [
interference attenuation factpr for P = 20 dB.
[10]

a distance-based CSI allocation achieving most of the perfbﬂ]
mance attained with perfect CSI while requiring only a small

share of the total feedback. Particularly, the solutiorppsed [12]
requires only the sharing of the CSI and the user's data
symbol to a local neighborhood around each TX. Thus, thg;
solution proposed has the same requirements as a conwntion

clustering solution and appears as a realistic alterna@ue

(14]

approach has been presented for the simplistic Wyner model
but its extension to more realistic channel models has beesi
carried in [15]. As an alternative to clustering, the op#ation 16]
of the CSI allocation at finite SNR and in other settingg
represents an interesting direction of research.
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