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~ Abstract—Most of the relaying strategies exploit channel state division multiplexing (OFDM) systems with single antenna
information (CSI), but there exist only a few limited works on  nodes. [20]-[24] presented estimation methods for single
acquisition of the required CSI. In this paper we present general carrier MIMO systems. [16] and [19] proposed relay-insérte

protocols and pilot designs for CSI acquisition in different types . .
of relay systems using multiple-input multiple-output (MIMO) pilot tones and related channel estimators. Both of them

orthogonal frequency division multiplexing (OFDM) transmis- ~consider a single antenna OFDM based 3 node relay system
sion. We propose new pilot forwarding mechanisms and a related with TDD and do not consider pilot overhead cost. New

estimator for obtaining CSls of individual MIMO channels of  designs are needed to account for more realistic or general
cascaded links at the end node(s). We develop new pilot des'gnssystem conditions such as MIMO, multiple nodes, unequal

with low overhead for channels with different lengths. We present . - Iy
several CSI acquisition protocols for relay MIMO systems with channel lengths due to different node locations, and diiger

time division duplexing (TDD) as well as frequency division duplexing schemes (e.g., frequency division duplexing@fD
duplexing (FDD). We introduce node multiplexing which reduces as well as address the CSI overhead cost, both in terms of tone
overhead and delay for pilot or CSI feedback transmissions from ytilized and delay. We will develop such designs in this pape
multiple nodes. In addition, we present similar CSI acquisition A similar problem of CSI acquisition also arises in multi-

protocols for multi-point to multi-point systems while keeping . S .
overhead low. Simulation results are included to demonstrate point to multi-point (MP-MP) systems where multiple source

the estimation performance of our proposed designs. Discussionsdestination pairs are directly communicating simultarsépu

on several protocol options are also provided. (also see Fig. 1(b)). MP-MP systems do not have intermediate
Index Terms—CS| acquisition, Relay, Multi-point to multi- nodgs (rellays) but to manage potential interferences among
point, Pilot designs, Channel estimation multiple simultaneous pairs and to enhance system capacity

MP-MP systems require CSI. The sources can either transmit
on separate or the same frequency band to the multiple
|. INTRODUCTION destinations. If the sources transmit on separate frequenc

Relay systems [1]-[11] are among the promising technolBands, then one node can perform resource allocation, and
gies to address coverage and data rate issues of wiref§drategy to provide this node with the desired CSl is needed
communication systems. These relaying strategies relyilgea If the sources transmit on the same frequency band, thersyste
on accurate channel state information (CSI) of individual d!tilizes interference alignment (IA) [27]-{31] to decoafthe
cascaded links. For example, [3] considers a multiple sguréesired signal from the interference. IA needs each node to
multiple relay, multiple destination multiple-input miple- have knowledge of all CSls between sources and destinations
output (MIMO) system. Each relay needs knowledge &t necessary CSI acquisition protocol and pilot desigrehav
forward and reverse channel links. The destinations neB@t been addressed.
information of the cascaded channel between the soureg, rel This paper addresses CSI acquisition in multi-node relay
and destination. [6] assumes that perfect CSI of the first ad MP-MP systems with MIMO OFDM transmission. Our
second hop is available at the source. In summary, protocé@tributions are summarized in the following. 1) We prapos
and pilot designs for CSI acquisition at various nodes aféW MIMO pilot designs for estimation of channels with
needed in order for these relaying schemes to work. THBequal lengths and new pilot forwarding mechanisms from
acquisition of the first hop CSI would be straightforwardniro Multiple antennas and/or nodes together with pilot inearti
previous multi-input multi-output (MIMO) channel estin@t  t© estimate individual MIMO channels of all hops. 2) For
designs (see [12]-[15]), but getting the second hop CSI §gtimating CSI of indirectly connected MIMO links (e.g.,
the source needs further investigation. [16]—[26] havesljm estimating source to relay channels at a destination nede),
addressed channel estimation in relay systems. Howewr, tifl€rive a new improved estimator using the forwarded pilots
applications are limited to time division duplexing (TDD)lg ~ Which incorporates effects of channel estimation errors of
and for channels with the same length. [25], [26] proposéBe directly connected link (e.g., relay to destinatiork)in

estimation methods for relay assisted orthogonal frequend) During CSI acquisition phase when multiple nodes are
involved in transmitting pilots or CSI feedback, we propase
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6) We present how to design pilots for minimal overheadepending on the considered link(s). Each node knows the
with almost optimal performance, equal channel estimatioumber of sourcesNg, and destinationsNp, (and relays,
mean-square error (MSE) across links with different leagthV, for relay systems) as well as the number of antennas
or minimum total channel estimation MSE of all considereflVs, V i, Np, V v, and Ng, V k, respectively). OFDM
channels, as well as how to set pilot signal-to-noise ratisgstem has a total a¥ subcarriers and the cyclic prefix length
(SNRs) of different hops, and how to select protocol options longer than the maximum channel length plus potential

The paper is organized as follows. Section Il describes thsynchronous arrivals and timing synchronization errors t
considered systems. Section Il presents several pilogdgs avoid inter-symbol interference. In order to reduce inter-
pilot forwarding, and node multiplexing. Section IV derve cell interference, we assume an appropriate frequencyereus
a new channel estimator based on the forwarded pilots gigategy is in place.

well as its estimation MSE. Next, we propose several CSlwe assume that during the CSI acquisition and data trans-

acquisition protocols for relay systems in Section V and fgnission interval, the channels remain static but it can be

MP-MP systems in Section VI. Section VII discusses protocgblaxed for the data transmission interval as some traisgonis

choices and simulation results, and Section VIII provides 0schemes [32] accommodate channel variations within a frame

conclusions. The channel between; , and J,, ,, is represented by a time
domain vectorhy, -, . of size Ly, ;. . x 1, and its cor-

Il. SYSTEM MODEL responding frequency-domain channel gain vector is denote

by Hy, ;... whosekth elementH [k] represents the

We consider relay systems and MP-MP systems as showixfhnnel gain on subcarriér
Fig. 1, both using OFDM. As the main application scenario of

relays in next generation systems (e.g., 3GPP LTE-Advgnc d:zor rzlzza\?/ sys}\(?ms, there V;”L beJI?TETNRTOT. first hoﬁ
is to extend coverage range or fill dead spots where tT'}ré s an ’?V{O_Tl Dror second hop links to estimate, where
destination nodes cannot receive direct signals from thecgp Viror = 2i=o N1, IS the total number of antennas of type

1=0
we consider the same scenario of relay systems with no dir;é%?

i,v-Jm,n

urce, relay, or destination). If the desired CSI comesis to

link between any source and destination. Such relay systelfidividual cascaded channels, then the number of chartmets t
have been already included in the standards IEEE 802.1Fj [@ged to be estlmatgd Wsror Nrror NDror: Th? channel
and 3GPP LTE-Advanced Release 10 [34]. length Lz, .7, is in general unknown a priori, however,
Before performing CSI acquisition, any system needs fye can use the maximum number 9f taps needed to model
have already established links and synchronization amoff Ik with the largest delay (obtained from measurement
involving nodes. In the same manner, we consider that tmethe_ depk_)yed environment) to model th? links. Therefore,
initial link establishment and synchronization betweearses, V¢ will define L, = max{Ls,,-r,,, : V i,v,m,n} and
relays, and destinations have been completed. Then, for dg1= MaX{Lr,, ,-Dy, : ¥ m,n, L k}. A simple definition of
acquisition, conventional systems will send control sigma = = Max{L1, L2} can be used, if desired.
messages (instructing the nodes to acquire CSls and fdedbadiegarding MP-MP systems, we consider those which in-
them) which also include node IDs and related resour¥lve simultaneous transmissions from multi-nodes to mult
assignments for pilots and/or CSI feedback. In contrast, i@des in the physical layer. For such systems to work, Initia
reduce overhead and delay of CSI acquisition, the proposﬁmchronization and link establishment need to be perfdrme
approach includes assignment of distinct numbers to thesiodirst. We assume such process has been done and all nodes
during their initial link establishment procedure. Duringfial ~are properly synchronized and they know what are the other
link establishment, corresponding signaling exchangesioc hodes involved in the multiple node transmission. During th
between nodes, and adding number assignment in that prodeil link establishment stage, a distinct sequence remb
will bear only a small amount of overhead. By such distiné@an be assigned to each node so that there is no conflict in
number, each node knows its pilots and its role in cgheir pilot selection and protocol execution. The resosifoe
acquisition protoco]; thus, during CSI acquisition phm different links of an MP-MP system can be disjoint similar to
proposed approach does not require resource assignmentofgiogonal frequency division multiple access (OFDMA) or
CSl feedback and related node IDs, saving overhead in dontiite same using IA. The CSIs &5, Np.,, Channels may
signaling (see details in Section VII). be needed at the node performing resource allocation in the
In either type of the systems, we consider mu|t|p|e nodégrmer case, or at each node for the latter case. The maximum
of each kind, and every node may have multiple antenn&ngth of these channels will be represented’by
We useS;, Ry, and D; to denote source, relay k, and Notations: I, and1k denote theM x M identity matrix
destination!, respectively. Similarly,S;,, Ry., and D;, and theK x 1 all-one vector while the size indicators will
refer to those nodes with a specific antennawhile S, R be excluded if the size is obvious from the usage. The super-
and D represent all sources, all relays, and all destinatiorsgripts*, 7" and  mean the conjugate, the transpose and the
respectively. The variables k, I, m, n, andv are not specific Hermitian transposeC A (i, Q) denotes a complex Gaussian
to certain indexing and the referring index domain is obsioudistribution with mean vecton and covariance matrig. [-]
from the main variableCSI;.; represents the information ofrepresents the ceiling operatiodiag{-} defines a diagonal
channel impulse responses (CIRs) betwdeand .J, where (or block-diagonal) matrix with diagonal elements (or st
I and J can beS;,, S;, S, Ri., Ri, R, D;,, D;, or D, given by the arguments inside the bracket, ®, and J;;



Fig. 1. (a) A general relay system where transmissions frdferdnt nodes typically use disjoint resources, (b) An MP-Bystem s = Np) where
transmissions from different nodes may use the same resouwten(jal interference links are indicated by dashed lines)

represent the Kronecker product, the Hadamard product, agiH hs,-Ry.. 2 [hT R “hL . hT g

Si1-Rm,n Si,Ng, —1" an n
the Kronecker delta, respectively. denotes theéV x N unitary

di F ¢ DET hils . IS the noise vector ar?,, , with CJ\/(O of I). If
iscrete Fourier transform ( ) matrix whilE,, represent no pllots (data) are transmitted duririth symbol, ch[l]

the submatrix ofFF composing of its firstL; columns. The (..., [1]) will be the zero matrix. The minimum necessary
autocovariance matrix ofz and cross-covariance matrix of_ "o et number of pilot tones to estimatBs . x
i,0"1tm n

z and y are denoted by, and Q. The cardinality of g L, since Hg, ,-r,, , is just the Fourier transform of the
a setJ is denoted by|7|. vec() represents a column ; .y cir vector s, ..z .. We build upon the work in

vector obtained by stacking the columns of the matix [12] as follows. The data and pilot tones are disjoint and the

V\]S\;SZ]“:” ag; Mx {]]‘\}”} 'tl'o |;(d|catek;, k+1, " ,n and pilot sequences for different transmit antennas are odhaly
{kM, (k + 1)M,--- ,nM}. Tr{X} represents the trace ofynq meet the optimal conditions:

matrix X. All tone indexes are assumed to be modnio
QL =0, Vik & QLQ., =E.oul (2

[1l. PiLOT DESIGNS ANDNODE MULTIPLEXING where E,, represents the total pilot energy over thé
In this section, first we present pilot designs for direckdsin Symbols per antenna. The above orthogonality between pilot
Next, we develop designs of forwarded pilots for cascad@®d data matrice§2., and €2y, is simply satisfied when the
or feedback links. Then we introduce a node multiplexingilot tones are disjoint from the data tones within the same
concept to reduce overhead and delay in CSI acquisitiomrAfOFDM symbol. Mathemat|ca||y, for disjoint pl|0t and data

that, we propose new pilot designs for channels with differetones, we haveA <z>AB<l> = 0 and hence], Q, , =
lengths. NF} A (,>A ® FL1 = 0 which yields Q] Qbk =0.
F|rst Iet us conS|der pilots to be transm|tted from a single
A. Pilot Designs for Direct Links node (says;) with Ng, antennas. Defingé, £ 2/lg2(L1)1 The
Let us consider the direct links betwee{tﬂi} and {J,,,} pilot designs from [12] us&Vs, sets of cyclically equi-spaced
- U] Wy e ui-ener L, pilot tones. Definel & N/L; x {0:L; — 1}
(say between{S;} and {R,,}). Define C;[k] and B, [k] ©€d gyLa P 1 1

as the transmitted pilot and data symbol on subcairi@f and7n =7 +7,, n = 0: NS 1, with 7, € {0:(N/L1) — 1}
OFDM symbol I from SL L. Their respectlve discrete-timeandr, # 7 if n # k. Let 7, denote the set of non-zero pilot
signals are denoted H)ﬁ ) [n]} and{b! l)[ 1. Define circulant tone indexes at OFDM symbolfor I; ,, and itsmth element
matricesQ., , [/] and Qb;, [I] of size N x L, such that their is represented bW(l) (m). In the following, we introduce a
(m, k)th entries are respectively given bS’i m—k mod N] variable n; , which is written as a function of and v for

0 . N ., alater use but for Section Ill-A and Ill-Bp;, = v. Then,
andb; , [m—#k mOd N with m € {0:N -1} andk € {0:Ly several pilot designs can be expressed as follows:

1 1
1}. Define Acm = dlag{q 0], o, CIN = 1} Frequency division multiplexing (FDM) design: It meets
and A s 2 dlag{B [ I BZ-(I,Z[ 1], 731(13[]\7 — 1]}. Then, ohptimTIity conditions iS (2)0;(hrough frequ(?)ncy disjoinﬂsafand
’ ’ the pilots are given = Tnis k] = aj,.n for
we have Q] = \FFHACU)FLl and Q, ,[I] = b © gv y71 7;)“ Ciolkl = aiy,
= J;, (m) with I =0 andC’ ’[k] = 0 otherwise. Note
VNFH AB(I)FL1 The received time domain signal Vecm'ihat {a; Vm} in the above and below as well 48,0} i
of VV OFDM symbols after cyclic prefix removal &, . IS the following are arbitrary symbols with amplitudgE,, /L,
Ne—1 (i.e., to yield equal amplitude pilots and the same totabtpil
_ Q. +Q ) hs. +w , 1) energy per antenna).
YR ; (€2, o) iR fomon @) Time division multiplexing (TDM) design: It satisfies (2)

through time disjointness and the pilots are define =
where Q., and €2,, are NV x Ng,L; matrices and their 9 ) P wwv

T . —0- Dy —
(I,v)th submatrice are respectively given I8y, [] and i@ € {0: Ns, — 1}1 I =0:Ns, o L, C; [k = aiym for
Q,,[1], with I € {0V — 1} and v € {0:Ns, — 1}, iy =1 with k= 7} (m), andC{)[k] = 0 otherwise.



Fig. 2. Signal model of a relay system with one source and olag,reach with two antennas

Code division multiplexing across time (CDM-T) design: We can also develop a new CDM-F design which maintains
It applies coding across time amongst antennas to sati$fy é3timation optimality while requiring less overhead thhe t

and the pilots are defined by}_l) =T, 1€ {0: Ng, — 1}, existing designs. It uses cyclically equi-spaced equrgne
nY . _ 9[logy(Ns, L1 ;
=0 Ns, =1, COlK] = (aipm//Ns,)ei?mint/Ns, o Ly = 2l 20T pilot tones as

(a1,m/\/Ns,) e /Nsi for k= 770 (m). Ts,., = N/Ly x {0: (L = D)} +7, 3)
Code division multiplexing across frequency (CDM-F) de- © ed2mkni Ly /N
sign: It applies coding across frequency amongst antermas t ~ C;, [k] = #Di[k], v=0:Ng, —1 (4)
satisfy (2) and the pilots are given by},o) = Ulj\is(fl?} and 5 k= Js,. (m)
o g _ ) aim, =Js,;,(m
CO K = (a1m/ /N5, )P V5. for k = Ty(m). “W‘{a else, ®)

The proofs of the above designs satisfying the optimal
conditions in (2) are referred to [12]. Note that the reasam fwherer € {0 : (N/L})—1} and{a;,,, } are arbitrary symbols
presenting several designs is to provide solutions forousri With amplitude \/E,,/L}. With regard to overhead, for the
scenarios or system constraints. For example, if more piR@rameters in the above example, this design requires a6 pil
tones & N) are needed to support more antennas or usei@pes (withJs, , = 4 x {0:15}, Vv), thus 8 tones less than
the pilot designs can be extended across time using TDRE eXisting designs. The proof for the optimality of the zbo
or CDM-T. If stringent peak power constraint per tone pe#esign is provided in Appendix A.
antenna is imposed (due to RF device and spectrum emission
requirement), CDM-F and CDM-T would be better, but iiC. Designs for Forwarded Pilots

device power saving via sleep cycle is preferred, TDM would pq gn example of forwarded pilot scenario, a relay node
be better. If reducing CSI acquisition delay is desired, FDM{m receives pilots from sourcé; on tonesJs, = {7, :
or CDM-F could be used. If there are stringent constraints on_ , . Ng, — 1} and forwards them to a destlinaticml. A

total power per OFDM symbol as well as per tone peak powgyna| model is illustrated in Fig. 2. The received pilot one
per antenna (due to spectrum emission requirement and lajge Js. atR is given by
i m,n

path loss), CDM-T would suit the situation. N
s, —1

. . YRm,n [k] = Z Hsi.u-Rm.n [k]cslv[k] + WRm,n [k]’ (6)

B. Reduced Overhead Pilot Designs =0

Al of the above designs use a total df, L; pilot tones. If where{Wg,, ,[k]} are independent and identically distributed
L, is not a power of 2 (i.e.L; < L;) and minimum pilot over- with CN(0,0% ). In order for D; to estimate individual
head is desired, we propose to change the above designs bghannels{hs, ,.z,, .}, Rn constructs{Tr,  [k]} based on
placing each pilot set of cyclically equi-spaced equi-ggdr;  {Yx, . [k]} and forwards them tdD;. First, let us consider
pilot tones with that of approximately cyclically equi-seal R,, with a single antenna. Then in general the received source
equi-energy L; pilot tones while maintaining disjointnesspilots on 7, can be forwarded on any7s,| tones, thus there
among the pilot sets. Fexample consider three channels withare N!/(|Js, ['(N — |Js,])!) ways. We explore the choice
L, = 5 taps each andv = 64; the minimum overhead pilot of tones for pilot forwarding by minimizing the mean-square
design can use 15 pilot tones withy = {0, 13,26,39,52} error (MSE) in estimatindis,.z,, at the destination (See Ap-
and7; = 7o + i for i = 1,2, while the existing designs pendix B for details). An exact closed-form analytical imn
use 24 pilot tones (i.e.7o = 8 x {0:7},7;, = To + 4). is intractable but the analysis in Appendix B and numerical
Apart from {7}, the pilot designs remain the same as thosemulation reults in Section VII-C show that maintaining th
presented above, and hence they are not repeated hereelétive positions as in individua{7,} (in simplest form,
slight degradation in estimation performance may incur farsing = + Jg,) gives the best result. Using this design for a
the minimum overhead pilot design but it is insignificant asingle antenna ak,,,, we propose several designs for multiple
will be shown in Section VII. antennas aR,, in the following, where the remaining task is
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TrolKl Ty, [k] © R
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Fig. 3. Design examples of forwarded MIMO pilots for one seuand one relay with two antennas each (OFDM with 8 subcarifetwo-tap channels.
« is a fixed amplification factor at the relay.)

maintaining orthogonality among forwarded pilots of diéfat The forwarded pilot sets in FDM, TDM and CDM-T for-
relay antennas. The rationale for variety of designs is #8mees warding schemes strictly maintain orthogonality and thagy ¢

as that mentioned in Section IlI-A. be decoupled at the receiver without knowing the forwarded
For better illustration, we present some design examplesahannel gains. Such is not the case for CDM-F forwarding
Fig. 3 which can facilitate easy understanding of the gdnescheme since the channel gains on tofest 7o, -,k +
design descriptions to be given below whereis a fixed 7x, 1} are notexactly the same (although highly correlated)
amplification factor at the relay. and their knowledge is required in decoupling the pilot sets
FDM design:R,, ,, forwards its received source pilots on &Consequently, the random estimation errors of the forwrde
set of shifted toneg/y,, , as channels will affect the orthogonality of the CDM-F pilotse
In the above designs, each antenna forwards its re-
Tl(%0 (k4 Tmn] = { aYr, [k, k€ JTs, (7) ceived source pilots and hendg also needs knowledge of
" 0, else {hg,, -, } to estimate{hs, ,-r,. . }. If such knowledge is not
N =1 available yet,R,,, can insert its own pilots (designed according

Tt 2 Ts +Tonms () T, = 0. (8) to one of the direct link pilot designs and their locatione ar
n=0 disjoint from the forwarded pilots over frequency or timaypa
TDM design: Different antennas oR,, transmit their transmittoD;. Those received source pilots/t, can also be
received source pilots in different symbols but on the sansellectively forwarded by a single predefined antedt)a,, if
tonesJg,,, = Js, + 7 (any 7) as D, does not requirdhp, . -p, : Vn # v}. Note that different
from [16], our approach does not need to reserve (waste) null
a¥r, [k, k€ Ts. n=p (9) tones at the source for the relay-inserted pilots, thusngavi
’ else. pilot overhead.

CDM-T design: R,, , transmits its received source pilots

ﬂng+ﬂ:{

on Jg,, ., = Js, + 7 (any 7) over N, symbols as D. Node Multiplexing
o B @VwYme[k], keJs 10 CSl acquisitions in relay and MP-MP systems involve
TRm,n[ +7] = fm ) (10)  transmissions of pilots or quantized CSI bits from multiple
’ else. nodes. Instead of transmitting from one node after another i

CDM-F design: R,,, applies a lengthlVg, antenna- asequential manner, we introduce a node multiplexing qunce
specific orthonormal spreading to each received sourcé pighich allows multiple nodes to transmit simultaneously if
and transmits them on the samg; . disjoint sets of tones as certain conditions are met. The motivation is to save owathe

. and delay in the CSI acquisition phase by exploiting already
Np . . . .
(0) _ ) e By (K], ke Js, accomplished synchronization and node sequence assignmen

Ty, k+7n]=1 Ve, " (D gone during the initial link establishment. The nodes imed|

0, else in the node multiplexing need not be of the same type, e.g.,
Nrpm —1 transmissions from the sources and destinations to thgsrela
{n}={r:7+Ng,—1}, () {Js,+7}=0. (12) can be node-multiplexed together.
v=0 The conditions for the node multiplexing are that pilotsiiro

Note that for TDM or CDM-T source pilots, the above pilodifferent nodes should satisfy the pilot conditions desexi
forwarding schemes can be applied to each OFDM symbal previous sections while any modulation symbols carrying
of received source pilots. Alternatively, if a's, L; received quantized CSI bits should be transmitted on disjoint tones i
source pilots can fit within one OFDM symbol, they can bsimilar manner without requiring equal power and cycligall
treated as if they were received in one OFDM symbol whesgual spacing condition of the pilots. This is to satisfy (2)
applying the above pilot forwarding schemes. except thatQ. and €2; contain all nodes involved in the



Transmission Sequence:
(a) Conventional/Sequential transmission
@ @ 1) So = R: {Cs,[k]}, 2) S1— R:{Cs,[k]}
n 3) Do — R: {Cp,[k]}, 4) D1 — R:{Cp,[k]}

@ @ (b) Node multiplexing option 1: TDM betweefCs[k]} & {Cplk]}

1) Si — R: {Cg,[k]}; FDM or CDM-F between{C's,[k]} & {Cs, [k]}
2) D; — R : {Cp,[k]}; FDM or CDM-F between{Cp,[k]|} & {Cb,[k]}
(c) Node multiplexing option 2: CDM-T betweefCs[k|} & {Cp[k]} with Js = Jp
1) S; = R: {Cs,[k]}; Di = R:{Cp,[k]}; FDM or CDM-F between{Cs, [k]} & {Cs, [k]};
2) Si — R:{Cs,[k]}; Di = R:{—Cp,[k]}; FDM or CDM-F between{Cp,[k]} & {Cp, [k]}
(d) Node multiplexing option 3: FTDM betweefCs[k]|} & {Cp[k]}
1) Sio = R: {Cs, ,[k]}; Dio — R:{Cp,,[k]}; (FDM)
2) Sin — R:{Cs,,[k]}; Dix — R:{Cp,,[K]}; (FDM)

Fig. 4. lllustration of node multiplexing where two sourcesldwo destinations transmit pilots to the relays. Each nadetivo antennas, each channel has
4 taps (hence 4 pilot tones per channel), and OFDM Nas: 16 subcarriers

node multiplexing. The pilot designs are given by those iare possible. There, all three multiplexing options finidbtp
Section IlI-A and IlI-B exceptNg, is replaced withNg, . transmissions in two OFDM symbols while the conventional
andn; , is defined a$/+zj;=10 Ng, . candb are disjoint over sequential transmission will take 4 OFDM symbols.

the frequency and time domain and each node does not need
to know pilots or data of other nodes. The pilots and protwcdE. Pilot Designs for MIMO Channels with Different Lengths

are pre-designed for a few number of system condition setsuiMO channels of a single node to single node link are
(number of nodes, number of antennas at each node, &ghmonly assumed to have the same channel length. How-
nominal channel lengths involved in the CSI acquisitiomd a ever, for channels corresponding to different node paigs, e
the global information about the system condition set (a fews . versushp, g, , or evenhs, g, versushg g, for
bits) is broadcast to all nodes while individual pilot assigent ; -« 1, their channel lengths can be different. This character-
and role in the protocol are conveyed to each node viajdiic is inherent in the proposed node multiplexing framewo
sequence number in the initial link establishment. In theesa and it creates a new pilot design problem for MIMO channels
manner, node multiplexing can be applied for the forwardegith different channel lengths. In fact, even for a single
pilots of several nodes. node to single node link, if distributed antennas (e.g.,atem
In brief, the direct or forwarded pilot designs under nodgadio heads in LTE) are used, the MIMO channels may have
multiplexing can take one of the two approaches: i) considefifferent lengths. To discuss further, suppose there Ire
ing all nodes collectively as a single virtual node (the desi channels with channel lengthid; }, and we like to design
presented in the previous sections still hold but with adargtheir pilots {C;[k]} which minimize the sum MSE of these
number of antennas) and ii) designing pilots for individuadhannel estimates. For the case with,, = Zfiﬁl L; >N,
nodes and then applying FDM, TDM, frequency and tim@ge can divide these channels into TDM or CDM-T groups
division multiplexing (FTDM}, or CDM-T across pilots of sych that each group has a sum of channel lengths being less
different nodes. For reducing delay, the design should ugfan or equal taV. Thus, without loss of generality, in the
as small number of OFDM symbols as possible for pilgbllowing we just considet ;o < N.
transmissions. We use the same pilot optimization criterion as in [12]
As an example, we will illustrate the FTDM node multi-which minimizes the total MSE of least-square or maximum
plexing. Supposei nodes,{I;}, are involved, each OFDM likelihood channel estimation as
symbol hasM sets of cyclically equi-spaced equi-enerfyy K-1
pilots, and node needsM;, such pilot sets. Then the FTDM  argmin Tr[g%y(ﬂiﬂc)_IL s.t. Z E; = Biotar (13)
design use$>"/ ' M;,/M] OFDM symbols and all of the ~ {C:[k]} pard
pilot sets of X' nodes are disjoint over the frequency or timeyhereq,, — [Qeyr Qeyy -, 0 ], Q, is of sizeN x Lj,

. . k) CK -1
For example, considel’ = 3 nodes withM;, = 3, M;, =3, E, & ZkN:—Ol ICi[K]|?, and o2 is the noise variance at

My, = 2, and M = 4. With FTDM, Io and Iy will use the e estimating node/,. A difference from [12] is that the
first 3 pilot sets from the first and second symbol, respegtive .onstraint is no longer equivalent to setting ﬂﬂﬂc] to a

while 75 will exploit the 4-th pilot set from the first and second.qnstant due to differenftZ; }. An optimal design is given by
symbol. The overhead and delay is only two OFDM symbo@ee Appendix C for the ;;roof)

instead of three incurred in typical sequential transroissi ; ; _
Fig. 4 illustrates that several options of node multiplexin e, Qc; = Eilr,, Q¢ Qe = 0r,x1,,Vi# kK, (14)

B-—YEh g 15
1it can also be applied without node multiplexing but was séibjin the [Z—7 total- (15)
previous sections for conciseness. =0 V&I



~ LS

Compared with the conditio2[Q, = E, I of [12], the The error vectorsAhg® . 2 hg n  — hg, g,
differences are the unequal energy allocation in (15) ar&‘ﬁdAhLS A thR —hs g haveQAth _
different sizes{I,} in (14). Our previous design concepts . Lo Si,p-Rm,n
can be applied with appropriate modification as will bé’Rm(QlWch) ' and QAhLS o T = o3 (Q.9:,) " If
described in the following. The MSE for the channels Qhs, r,, andoy are known, an "MMSE estimator [35] can
o3 Tr[(QL Q)Y = 0% Li/E;. be used as

We can apply an existing pilot design from [12] usihg® - MMSE LS
2Mog2(Lmax)1 pilot tones per channel wherg,, ., = max;{L;} hsirpn = GseRunnlsin, . (21)

but its estimation performance will not be optimal. An easy fiyhere G g, R 2 Qny . (Que .+ Quprs )L,
for estimation optimality is to adjus{Z;} according to (15). ) . e Si7
This solution maintains estimation optimality but reqsira tS €rTor covariance matrix i€ apymss = (Qhs, ., T
total of K'L pilot tones which are larger than the minimumygy “1)-1_ Similarly, D; can obtainhy , = or
required amount of;.t. tones. If minimum pilot overhead MM% SFm.n o
is desired, the FDM with approximate equi-spacing fromtz,,.-n, . Using pilots transmitted fronk,,.
Section 11I-B can be applied whers; pilot tones are used Next, for indirectly connected links, suppo$& estimates
for channeli and {£;} are set as in (15); its estimationfs.-r,. Usinghx,, p,, and the relay-forwarded source pilots.
performance may slightly deviate from the optimality. Supposes; transmitsLs, = Ng, L, pilots on.Js, (correspond-
Alternatively, similar to the new CDM-F design in Secing time-domain matrix i€2.,) and R, usesNg, Ls, tones
tion I1I-B, we can develop a new design which maintainécounted over frequency and time) to forward source pilots t
optimal estimation performance while reducing the pilotev D;. Then, for FDM or CDM-F source pilots7s, consists of
head of the existing design. This CDM-F design uses a totyk, disjoint index sets anfl., is an N x Ng, L; matrix. But
of Liotal = 2“0832 Letatl pilot tones with cyclically equal for TDM or CDM-T source pilots,Js, is composed ofVg,
spacing of M £ N/Ltotal tones, i.e., at tone index sgt duplicates of an index set (ové¥s, symbols) and2., is an
= M x {0:Liota1 — 1} or any of its shifted version, and theN Ns, x Ng, L, matrix. Define® ; for an index set7 to be

pilots are given by a|J| x N matrix whosekth row is the 7 (k)-th row of I y.
) - Thus, left-multiplying with® ; to a vector or matrix returns
Colk] = { a,  k=J(), |al* = Eo/Liotal, (16) a sub vector or matrix whose elements or rows are defined by
0, else J. DefineQ., £ Iy, © (®s, FQ,,) for FDM or CDM-F
Cilk] = ECO[k]e%, F—Ta 4 Li+A; (17) Source pilots and,., = Ing, ® (@75, (Ing, ® F)f_lci) for
Ey TDM or CDM-T source pilots. Then, the total received source
E; _j2mrik pilots in frequency domain ak,, are given by
or Cilk] = E—Co[k]e N, =T+ Lici + A -
0 (18) Y = Q¢ hs;-r, + Wg, (22)

where {A;} are any non-negative integers satisfyifig< where Wr, is CN(0,Qy, ). The channel gains

SE A, < Liotal — Liowal, 7 = 0, and {E;} are given by " the forwarded pilot tones can be defined by
i=1 ota. otaly - i o :

(15). The optimality of this design is proved in Appendix C.-* fim.n-Dix _— ®7.Hp, -0, Where &, is equal to
With the above optimal design, the MSEor the chan- ‘I’Jsi for TDM and CDM-T, (I)TJS +r, for FDM, and

neli is ai\/fiZf:_Ol \/Lk/Emtal. For the existing design (@7, ‘I’Js rio ‘1’Js +TNg _1] for CDM-F. Define

(i.e., with constantt;), MSE; is 03 LiK/Eioa1. Both de- A Hr b £ dlag{HRm .-Din}- Then, the frequency-

S|gns y|e|d different MSE values for channels with d|ﬁmerU0m£;ﬁL fé)];’warded source p||0ts received m L can be

lengths. If we want the same MSHor different channels, cgjlected as Vg, Ls % 1 vector as
we need to setF;, = ZKilLEtOtal which yields MSE

k=0 Z =A P (Q,hs,-r, +Wg, )+ Wp,,
- UJV Zk:O Lk/Etotal Dk Hp ( R R ) Dy

(23)

IV. CHANNEL ESTIMATION where the noiseWp, , is CN(0, Qw ), and P and

We will start with obtaining channel estimates for dlreCtl)AHR b, &re defined as follows.
connected links, and then using them we will develop aAHR »,, is given by diag{A~ o Ag -
channel estimator for indirectly connected links (e.gtinest- . AH Y for T(I)Dl\}lk and . FDM
ing the first hop channel at the ending node of the second "
hop). Supposer,, estimateshs,.r,, , from y,  received INg,, ® AHR,,,L,O.Dl,k’ INg,, ® AE!R,,L ot
at its antennan (see (1)). Then the least-square or maximurhng,, ® AHR,” [ .} for CDM-T, and [A; Hr, ooy
likelihood estimates of{hg, ,-r,, : Vi} can be obtained A . o ’

| for CDM-F.
separately or jointly as Rm,1-Di 1Dy
Let v, represent theith column of the wunitary DFT
~LS

. (Qlwﬂcw) 1inyRmm (19) matrix of size Np,, x Ng,. Then, P is equal to
1S ; - diag{ao, o1, ,an,, —1} @ Iisi for TDM and FDM,
hSi-Rm,n = (QciQ i 14 YR (20) and diag{agvo, a1v1, -+ , QNRmflanmfl} ®Ilis,; for

m-Dy

m,Ng, —1Dik

, AgR



CDM-T and CDM-F.{«,, } represent fixed constants to adjusf. CSI Acquisition via Pilot Transmission
SNRs and they could be different R, represents a virtual 1, acquire CSIs.z, at eachR;, sources transmit pilots

nodg consisting of several nodes with different SNR§. and eachR, estimates the CSI (e.g., using (20) or (21)).
With perfect knowledge off z,,.p, ., the MMSE estimate g, changing the roles of sources and relays, together with
of hs;-r,, is obtained as the corresponding pilot design, eash can obtain estimates
~MMSE H H ) H
ho. _ Loz 24y Of CSlg.s,. The same pilot design, channel estimation, and
SicHm th""R””ZDWQZDM P (24) transmission protocol can be applied for the relay to dastin
where tion hop, with a possible change in channel length.
_-‘— _-‘_ . B . . -
th,,RmZDM = Qs o, Q! PAL o (25) For TDD with reciprocal channels, transmission of pilots

* - in both directions as described above will provide required
QZDI L= AHRm,-Dl,,CPQYPTALRM.DL LT QWDI, (26) CSls to both sides. For FDD, the above scheme alone will not
. L . " ) provide all necessary CSls; the approach from Section V-C1
with Qy = Qe Qg ,, R, + Qw, - IN practice,Dy . has  or .C2 can be used in this case.
ﬂRm-D,,k instead ofH i, -p, ,, and existing approaches (e.g.,

[16]) useS[thi-Rszz k]ref and [QZDL k]ref which replace B. CSI Acquisition via Explicit CSI Feedback

AHn,.0,, In (25) and (26.)’ respectively, W'mﬂRm-Dz K Another approach for directly connected links is the use
We propose an alternative approach, where the effect of the e, jicit S| feedback, where a node quantizes, encodes,
erorinHg,,.p,, denoted byAHr, _p, , is incorporated by 5,y transmits back the CSI as data. Consider the MIMO link
replacingA s, ,, , in (23) with Afy,o,, ~AAHR, b, between sourc; and relays{ R, }. For TDD, there are two
and obtain the estimatorconditionedﬁfygm_pl'k which takes options, both starting with transmission of pilots. In thestfi
the same form as in (24) but with option, eachS; transmitsNg, L pilots,V 4, to { R} and each
Q - [Q ] @7) Ry, estimate<CSIs., and feeds it back t¢S;}. In the second
hsi-Rm Z D, hs; - Z Dy A7t option, eachR;, transmitsNy, L, pilots to{S;}, eachsS; then
Qz,, =[Qz, let+AQz, (28) estimatesCSIx s, and feeds it back to af R, }. The choice
' PR ’ I between these two options can be determined by the least pilo
AQZDM - E[AAHRm'Dz,k PQYPTAAHRm—Dz,k] overhead usage. Suppose the first option is adopted (for the
Qadg, p,, © (PQy P, TDM, FDM second option, sources and relays switch roles). Then Bach
UT[QAHR b ® (PQYPT)}U, CDM-T, CDM-F estlmatesCSIS_Bk based on the pilot sets se.nt Squ_Ja_mtlzes
mPlk and encodes it and transmits back o This explicit CSI
(29) feedback require8L, Nyits /3 bits whereN,;s is the effective
whereU = 1y, ®Iy ; ,andAHpg, p,, is defined number of bits used for a real valued channel tap gais,the
- T " - T coding rate § = 1 if no error correcting code is applied), and
as[AHpg, ,p,, AHg,, p, " AHg, I"" the factor of2 is due to the complex component. We define
for TDM, FDM, and CDM-F, and(1y,, ® AHg,, o-0,)"s  Nyis = 2Niis/B, S0 Ly Nyiss bits per channel are needed for
] (1NRm @ AHRm,NRm—l-Dl‘k)T}T for CDM-T. Here, CSJ feedback.
AHp, ..p,, represents error o, .p, .. The above  When sending CSI feedback, the transmitting node has three
estimator incorporates the effect of channel estimatioargr options: i) Choose the best antenna for transmission based
of the directly connected link in estimating the channels @n SNR calculated by the estimated CSI, ii) Designate a
indirectly connected link. This yields performance adeget predetermined antenna for CSI feedback, and iii) Utilizd-mu
over the existing approaches as will be shown later. The M3igle antennas using space-time/space-frequency blodikgo
of the proposed estimator in (24) is straightly obtained3&§ [ (STBC/SFBC), space division multiplexing (SDM), or anathe
multiple antenna transmission scheme.
MSEns, 5, =Tr {QA%%S,?} =Tr {E[thi-mn For any option, using a predetermined subcarrier set
_ -1 H JIr known byS and Ry, a pilot set (whose length equals
thﬂ'RmZDl»kQZDl»ths*'R"'LZD%k]} (30) thek"rﬁlEﬁﬁber of transmit antennas used in the feedback times
where the expectation is OVéITR,,,L-DZ,k- Ly) is transmitted byR;, along with the encode@Sls.g, . If
eachS; needs to only knowCSIg,.g, , not CSls.g,, and the
V. CSI ACQUISITION PROTOCOL FORRELAY SYSTEMS  channels are reciprocal, then the CSI feedback can exclude
Regarding CSI acquisition between multiple nodes thétSIs g, ., where 7 is the index(es) of the transmitting
can communicate directly, we present two solutions: pil@intenna(s). The CSI feedback transmissions from{&l}}
transmission (Section V-A) and explicit CSl feedback (Secan apply node multiplexing. Using the relay transmittddtpi
tion V-B). For CSI acquisition of indirectly connected Ik set, the receiving nods; can estimat€’Slg, . s, using (20)
(e.g. obtainingCSIg,.p, atS,,), we develop protocols underor (21) (which givesCSIg, g, ,, for reciprocal channels) and
two scenarios: acquisition at the source or destinatiore-(Selecode the required CSI feedback.
tion V-C) and at the relays (Section V-D). In the protocols, For FDD, both sides of the link need to send pilots. The
pilots used are designed according to Section Il and nottansmissions from both sides can be simultaneous. Each
multiplexing, if applicable, is according to Section IlI-D node estimates CSI of its receiving MIMO link, quantizes,

—1-D
m, N, —1"Dik



encodes it and then feeds back. Any of the three options the relays should be able to transmit and receive on both
CSI feedback transmission in TDD can be used here. Tfrequency bands. There are two scenarios for FDD, based on
node multiplexing can be designed in the same way as wWhether the carrier frequencies of the relays’ transmissio
TDD. Another difference from TDD is that when sending CSio the sources and to the destinations are the same or not,
feedback, no pilot insertion is necessary for data detec@® and they are denoted by FDD-1 and FDD-2, respectively.
the receiving nodes already know the receiving channels ifGonsidering FDD-1, we first apply either 1A-TDD or 1B-TDD
predefined set of transmit antennas is used in the CSI fekdbé&options 1A-FDD and 1B-FDD, respectively) from Table |
transmission. except the final step. Then, aff and D get CSIs.r and
The same protocols provided in this subsection can K&Ip.z; and in addition, the relay-inserted pilots provide
applied for CSI acquisition of the relay to destination link CSIg.s, to S; andCSlg.p,, to D,,. After that, as step 4, each
S; broadcast<’SIs,.r and CSIg.g, and eachD,,, broadcasts
C. Acquiring CSIg,.p at the Source andCSlg.p, at the CSIp,-r andCSlg.p,,, where pilot insertion is not needed.
Destination At this stage, eacl;, obtainsCSls.g, CSIg.s, CSIp.r and
This is a scenario of CSI acquisition of indirectly connelcte" o LA-0 While eachs; and D,, have CSls., and CSIp.g. If
links. The problem is the same for either at the source 5¢ and Dy, also needCSI.s and CSlx.p, as step 5, either
) eachRy, broadcasts’Slg,.s andCSlg,.p or a predefinedr,

destination. The options described below can be applleq be}oadcastiJSIR_S and CSI,.p: no pilot insertion is needed

either node. We will discuss how the destination obtalr}]s . . ; o
ere. Node multiplexing can be appropriately applied in all

S]?éfr_rfakt,iois some relaying strategies (e.g. [7], [9]) need thbsf the above transmissions if it saves overhead. For FDD-2,

1) Explicit Feedforward of CSI:SupposeR; has obtained ]Egﬁosvrﬂcegﬁgis éimzl: t?rirfsar:::s?:nl?rcfm? D}Ilovixgggz;wttg the
CSls.g, using pilots or a protocol from Section V-B, then 9 ges. Any k

it can provide this information td D;} after quantizing and be on two transmission bands (onedend the other taD).

encoding it itoN g, N, L1 Nuye bits. If the destinatiorD; Relay pilot insertion, if needed, will bB, tones per antenna to

already knowsCSIy,.p., no pilots are necessary during theS andL, tones per antenna . If { R;} can transmit/receive

CSI feedforward, otherwis®, needs to insert its own pilots on both bands simultaneously, any communications & }

whose length equals the total number of transmit antenrexs uts0 the wo sidess and D in the above protocols can be

) : Simultaneous.
in CSI feedforward timed.». The CSI feedforward can adopt . . .
one of the three transmission options of Section V-B togethe, 2) Relay CSI sharing without acquiringSls.g, CSlg-s,

with the node multiplexing mechanism for transmissionsnfro SIp.p and CSIgp at S and D: For TDD, instead of the
different relay nodes. above protocols, alternative options can be implemented to

2) CSI Estimation using Forwarded PilotsS transmits fl_eggcfe Ctr? I dela);_ and pilot overr:e;\d. TZT _?E)egs rzqzugglt_ij[())r
pilots to { R} and then eactr,, forwards toD its received . orthese options are presented as 2A- an -

: in Table I. For FDD-1, we can apply 2A-TDD or 2B-TDD
source pilots. IfD; does not haveCSlg,.p, yet, R, also t (dubbed SA-FDD or 2B-FDD tvelv). Th
needs to insert its own pilots when forwarding the sour&%s (3u eIR a; d t$§)SrI ) d'CrgipeC |vehy). Iert] as
pilots. Node multiplexing is applied betwedi®; }. Next, D; Step o, eacir,, broadcas s-Ry, @n D-r, WNETE piio

estimatesCSlg,-p, (e.g., using (20) or (21)) based on thénsertlon is not needed. As step 4,.e£;rbr9adpastQSISi_R
inserted pilots ofR; and thenCSTs., (e.., Using (24) with and eachD,,, broadcast€’SIp, g W|.thout pilot insertion. For .
(27) and (28)). FDD-2, th_e same procedures as in FDD-1 can be used with
the following changes. At step ¥R} transmit Np,.. .. L1
. pilot tones toS and Ng,. L2 pilot tones toD. At step 3,
D. AcquiringCSls.g,, CSIg,-s, CSIp-g,, andCSIr,.p VI# eachR, broadcastsCSIs.x, to S and CSIp.g, to D. Note
k, at RelayRy, ¥ k that as an alternative to the above 2A-FDD or 2B-FDD, we
This is another scenario of CSI acquisition of indirectlgan also apply 1A-FDD or 1B-FDD up to step 4, which are
connected links where CSI sharing is required between selagientified as 2AFDD and 2B-FDD, respectively.
to optimize the overall performance (e.g. [11]). Due to sale
CSI requirement scenarios with multiple options as will be
discussed below, the main protocols for TDD will be presgénte
in sequence in Table | for clarity. The table shows each actio In an MP-MP system with interference alignment (1A) [27]-
needed at each step along with the result from that actid@9], all CSls are needed at each node. Therefore, a protocol
Each step represents a separate transmission, unleswisthelis needed for CSI acquisition at various nodes. For MP-MP
noted. For FDD, we will present protocols for obtaining botsystems with disjoint resource allocation, CSI may also be
forward and reverse link CSls. If a considered relay systemeeded at the node which performs resource allocation. In
requires only a subset of the above CSls, the required mistocthe following we first consider three scenarios for MP-MP
can be easily extracted from our protocols. IA systems which depend on the communication capabilities
1) Relay CSI sharing together with acquiringSls.z, of the nodes{S;} and{D,}. The three scenarios range from
CSlg.g, CSIp.g and CSIg.p at S and D: In Table | we more limiting to less, so, for example, options for Scenario
present two options, 1A-TDD and 1B-TDD, to use when TDID may be used in all other scenarios, but not vice versa. The
is utilized. If FDD is used, additional steps are needed amolurth scenario addresses for MP-MP systems with disjoint

VI. CSI ACQUISITION IN MP-MP SrYSTEMS
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TABLE |
PROTOCOL SEQUENCES FORSECTION V-D: RELAY CSI SHARING

1A-TDD
Step Result Notes
1. {S;} transmitNg, ... L1 pilots. EachRy estimatesCSIs.g, using (20) or (21).| Node multiplexing can be applied.
2. {Dy} transmitNp,. . L2 pilots. EachR,, estimate<CSIp.r, using (20) or (21).| Steps 1 and 2 may be performed simul-
taneously using node multiplexing. rru
3. Each Rj feedbacks quantized and encoded{S;} and{D,,} obtainCSIs.gr andCSIp.g Node multiplexing can be applied. |
CSIs.g, and CSIp.g, disjointly. {Ry} insert L {S;} and {D,,} have CSIg.g and
pilot tones per transmit antenna. CSIg.p, respectively, pilot insertion ig
not needed.
4. A predefined source or destination transmits quarkEach R, obtainsCSIg.r and CSIp.g. No pilot insertion is necessary.

tized CSlIg.r and CSIp.g to {Rk}

1B-TDD
3. EachRy, forwards received pilots from botpS;} | {S;} and {D,,} estimate CSIg.g, and | Steps 1, 2 and 4 are the same as 1A-
and{D,, } together with its inserted pilots(tones | CSIp.g, using (20) or (21) and then (24) with TDD. Node multiplexing can be applied

per transmit antenna). (27) and (28).

2A-TDD
1. {Ry} transmitNg.,.. L pilots. Each S; and D,, estimate CSIg.g, and | Node multiplexing can be applied.

CSIg.p,, , respectively, using (20) or (21).

2.{S;} and{ D, } quantize and encode the estimatecEach{ R } obtainsCSIp.s and CSIg.p. Node multiplexing can be applied. P
channels and feedback them disjointly. Eaghand lot insertion atS; and D,, is not
Dy, also insert their own pilotsZ(; and Ly tones needed if eactR), knowsCSIs.g, and
per transmit antenna respectively). CSIp-gr, , respectively.

2B-TDD

2. {S;} and {D,,} each forward received pilot$ Each R, estimatesCSIs.r and CSIp.r using | Step 1 is the same as 2A-TDD. Nod
uniquely, insert their own pilots/(; and L2 tones per| (20) or (21) and then (24) with (27) and (28). | multiplexing can be applied.
transmit antenna respectively), and transmif iy, }.

1%

resource allocation. In all four scenarios, whes} ({D,}) eachD, can use either the explicit CSI feedforward approach
transmit pilots or CSI to{ D, } ({S;}), the node multiplexing described in Section V-C1 (Option 2A-FDD) or the forwarded
from Section 111-D can be utilized to minimize overhead. Sampilots approach in Section 1lI-C (Option 2B-FDD), together
as before, pilots are designed according to Section III. with the node multiplexing (described in Section IlI-D) tve
Scenario 1:In this scenario, the sources can only transmit ach sourceCSIg.p,. No pilot insertion is necessary. Then
destinations, and the destinations can only transmit tocesu Single or multiple predefined source nodes send back qeatiz
There are two options for a TDD system, namely 1A-TD@Nd encodedCSls,.p,, V 4,v to the destinations (with no
and 1B-TDD, and for clarity of the protocol procedures, thefpserted pilots) from predefined single or multiple antenna
are presented in Table II. For FDD, at step 1, bfth} and with SFBC/STBC or SDM format. Furthermore, other source
{D,} are transmitting pilots on their separate subbands simoledes need not perform the signal reception in this stegrAft
taneously. At step 2, both sef$,} and{D, } simultaneously this, all sources and destinations obtain all CSls.
broadcast the CSls of their receiving channels by either theScenario 3:In this scenario, any node can receive transmis-
explicit CSI feedforward described in Section V-C1 (Optiosion from any other node. For FDD, each node should have
1A-FDD) or the pilot forwarding presented in Section IlI-Ccapability to transmit and receive on each frequency band.
but without pilot insertion (Option 1B-FDD). After extracy For TDD, Options 3A-TDD and 3B-TDD are the same as
or estimating CSls using (24) with (27) and (28), e&dgmow Options 2A-TDD and 2B-TDD except they have the choice
knows CSIs.p and CSIp.s, while eachD,,, hasCSIp.s and of whether{S;} or {D,} transmit in the first step. IfS;}
CSlIs.p,,. Next, a predefined source and a predefined dedtiansmits first, then the roles of the sources and destimstio
nation simultaneously transmit encod€81s., and encoded are reversed for the remaining procedure from 2A-TDD or
CSIp.g, respectively. No pilot insertion is necessary. Thi2B-TDD presented in Table Il. In the following we will
transmission can use a predefined single antenna or multipsider {D, } transmitting first as in Table II. If FDD is
antennas with STBC/SFBC or SDM. The SDM approachsed, the system uses the chosen TDD procedure first and
can apply predefined multiple nodes as well and the choiteen sequentially each ofD, } broadcastsCSIs.p,, along
consideration is the same as in TDD case. By now, each nagigh Np L inserted pilots toS;, V ¢ and D;, V I # v.
knows all CSIg.p and CSIp.s. This broadcast can use either the explicit CSI feedforward o
Scenario 2:1n this scenario, the sources can communicatBe pilot forwarding approach (denoted as Options 3A-FDD
with any node but the destinations can only transmit to aghd 3B-FDD, respectively). Each receiving nofjeestimates
receive from the sources. If FDD is used, then the sourcés respective receiving chann€lSIp .;, and then obtains
should have capability to transmit and receive on each freSIs.p,. After the broadcast of al{ D, }, every source and
quency band. The options shown in Table Il labeled 2A-TDDestination node obtain all CSls.
and 2B-TDD outline the procedure for systems using TDD. Scenario 4: The final scenario is when the sources utilize
If FDD is used, the same initial steps are taken as in tlseparate resources and one node must acquire all CSls presen
TDD case. Then each, would know all desired CSls exceptin the system to perform the resource allocation. We will
CSls.p, V1 # v. Each source would kno®wSI.g. Therefore, assume that the node iS;-, and if it is a destination the
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TABLE Il
PROTOCOL SEQUENCES FORSECTION VI: MP-MP SYSTEMS

1A-TDD
Step Result Notes
1. {D,} transmitNp.,. L pilots. EachS; estimatesCSIp.g, using (20) or (21). Node multiplexing can be applied.
2.{S;} quantize and encode the estimated chan{D, } estimateCSIg.p, as well as decode the trang- Node multiplexing can be used.
nels, insert their own pilots, and feedback themitted quantized”SIp.g (= CSlg.p).
guantized CSls disjointly.
3. A predefined destination quantizes@#Is.p | {S;} decode all desired CSls. No pilot insertion is necessary.
and transmits these CSils {&, }.
1B-TDD
2. EachS; forwards received pilots frodD, } | {D,} estimateCSIs.p using (24) with (27) and (28)] Steps 1 and 3 are the same as 1A-TD
uniquely, together with its own inserted pilots. Node multiplexing can be used.
2A-TDD
1.{D,} transmitNp ... L pilots. EachS; estimatesCSIp.g, using (20) or (21). Node multiplexing can be applied.
2. Sequentially eaclt; quantizes and encodes All {D, } andS;, V [ # i decode the CSls fron%;. | Inserted pilots need not be designgd
the estimated channels and transmits them dis- jointly across all{S;} but just for in-
jointly together with its own inserted pilots. T dividual S;.
2B-TDD
2. Sequentially eacts; forwards the received All {D,} andS;, V [ # i estimate the CSls fron§; | Step 1 is the same as 2A-TDD. Insertgd
pilots together with its own inserted pilots. using (20) or (21) and then (24) with (27) and (28)| pilots are designed just for individual;.

process is the same except their roles are reversed. For TIBD,Protocol Choice
all sources, using node multiplexing, transmit..,. L pilots
to the destinations, where eadh, estimatesCSIg,.p,, V i.
{D,} then use either the explicit CSI| feedforward approa
(Option 4A-TDD) or the pilot forwarding (Option 4B-TDD)

Our proposed CSI acquisition protocols include some op-
tions and the choice depends on the specifics of the system
tup, requirements, and algorithms involved. A majordiact
: : i , ) is the overhead cost while the energy efficiency and CSI

with their own inserted pilots to transmit to the sourceswNO 5. racy should also be taken into consideration. For elamp
S;- retrieves the required CSis. o _ regarding the choice between the quantized and encoded CSI

For FDD, both node banks first transmit their pilots usingansmission and the pilot transmission (Section 1ll, Vdan
node multiplexing{S;} estimateCSIp.s, and{D, } estimate /) one can keep the CSI accuracy and the energy efficiency
CSIs.p,. Then both use either the explicit CSI feedforward ihe two options to be at comparable level and select the one
approach (Option 4A-FDD) or the pilot forwarding (Optionyhich has smaller overhead cost. The energy efficiency can be
4B-FDD) without inserted pilots to transmit the estn_nateﬁi@ kept the same by adjusting the QAM size and the bit energy of
back to the other node bank. The}, and a predefined des-ihe encoded CSI. The CSI accuracy of the pilot transmission
tination D, - retrieve the CSls, namely;Sls.p and CSIp.s,  approach is reflected by the MSE performance but that of the
respectively. Finally,D, - transmitsCSIp.s t0 .5;-, where no  gypicit CS| transmission depends on how it is quantized and
pilot insertion is required, anf;- obtains all the desired CSIs. o c0ded (codebook design), and such a design process is out
of the scope of this paper.

Regarding the option as to whether sources or destinations
should transmit pilots (Section V-B), the overhead costicivh

As mentioned in Section Il, to reduce control signaling evedepends on the number of nodes and antennas at each side,
head for CSI acquisition, the proposed approach inserts itan be used to select which option. The overhead associated
the initial link establishment process the number assignimevith various CSI acquisition options for the relay and MP-
to the nodes. This step is simply inserting the number intoNP systems are given in Table Il and IV, respectively,
control signaling message of the process. Thus, if a total which depends on the system specifics and can be used in
K nodes are involved, then the overhead wouldblg,(K) selecting the protocol options for a given system. In théetb
bits. In contrast, conventional approaches would needrd seof overhead, if pilots and data symbols are transmitted in
control signaling messages to indicate the resource asmsigin separate OFDM symbol(s) (denoted as preamble format), then
(for pilots and/or CSI feedback) of all the nodes during th®(X) is [X/N| N where N is the number of subcarriers
CSl acquisition phase. The corresponding overhead would &e&ilable for transmission\| = N if all of the subcarriers
K(Nip + Nra) Where Ny is the number of bits for a user'sare used). If pilots are transmitted together with data gone
ID and Ny is the number of bits for resource assignment farithin an OFDM symbol in a pilot-data-multiplexed manner,
transmission of pilots or CSI feedback of each user. Note ththen©(X) = X.
Nip > log,(K) as the total number of users in the system Note that the overhead can be appropriately translated
will be much larger thar and Nga > log,(K) as the total into delay of the CSI acquisition protocol. Considering a
number of resources in the resource assignment would afgeamble format, each pilot or CSI feedback transmission ca
be larger thank. This shows additional overhead saving obe converted to delay usinbl\fove,/]\ﬂ where Nyyer IS the
the proposed approach in the control signaling on top ot pilaumber of needed tones for each step in obtaining all desired
overhead saving. The latter will be described in the follayvi CSIl. Comparing the options from Scenarios 1 through 3 from
protocol choice section. Section VI, we look at the delays associated with each. For

VIl. OVERHEAD, PROTOCOLCHOICE AND PERFORMANCE
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TABLE Il
OVERHEAD COMPARISON FORRELAY SYSTEMS

Option Overhead
Quantized CSI [O(NsrorL1)] pilots +[Nspor Nrpor L1 Nbits] bits
feedforward
Pilot forwarding [©(NsporL1) + O(Nrpor (Nspor L1 + L2))] pilots
Section V-D: Relay CSI Sharing
1A-TDD [G(NSTOTLI) =+ G(NRTOT L) + G(NDTOT Lz)l p”OtS
+2Ns1or NrRror L1 Noits + 2NRpor NDoor L2 Nbits] bits
1B-TDD [G(NSTOTLI) + e(NDTOTLQ) JCe(‘NRTOT (NSTOT L+ JYDTOTLQ + L)) piIOtS
+H[Nsror Nrror L1 Nvits + Nrpor NDpor L2 Nuits] bits
1A-FDD TDD Overheadt[2Ns.or Nrror L1 Noits + 2Nrror NDror L2 Noiss| bits
1B-FDD TDD Overhead-k[ZNsTOT NRTOTLl Niits + 2NRTOT NDTOT L2Nbits] bits
2A-TDD [e(NSTOT Ll) + e(JVRTOT L) + @(NDTOT LQ)} pilots
+[Nsror Nrror L1 Nvits + Nopor Nrpor L2 Nbits| bits
2B-TDD [©(NrrorL) + O(Nsror (Nrror L + Ll_)) + O(Npror (Nrror L + Ly))] pilots
2A-FDD TDD Overhead+[2Ns o Nrpor L1 Nbits + 2NDpor NRpor L2 Nuits] bits
2B-FDD TDD Overhead-|—[2N5TOT NRTOTLl Nbits + ZNDTOT NRTOTLZNbitS] bits
2A’-FDD 1A-FDD Overhead- [NSTOT NRTOTL1 Nbits + NRTOT NDTOTLQNbitS] bits
2B’-FDD 1B-FDD Overhead- [NSTOT NRTOTL1 Nbits =+ NRTOT NDTOTL2NbitS] bits
] N X1 N, preamble format
Note: ©(X) = { g(]ﬂ pilot-data multiplexing format
TABLE IV
OVERHEAD COMPARISON FORMP-MP SYSTEMS
Option Overhead
1A - TDD [O©(NDror L) + O(Nsror L)] pilots +2Ns1or Nopor LNbies) Dits
1B - TDD [G(NDTOTL) + G(NSTOT(NDTOT + 1)L)] pi|0tS +[]_VSTOTNDTOTLNbitS} bits
1A - FDD TDD Overheadt-[2N s o NDpor LNbits) bits
1B - FDD TDD Overhead+[©(Npror (Nspor + 1)L)] pilots +[Nsror Nopor LNbiss) bits
2A - TDD [O(NprorL) + 3% ©(Ns, L)] pilots +[Nspor Norop LiNbits] bits
2B - TDD [O©(Npror L) + 387" ©(Ns, L(Nprop + 1))] pilots
2A - FDD TDD Overheadt-[2N s o NDpor LNbits] bits
2B - FDD TDD Overheadt[O(Npror (Nspor + 1)L)] pilots +[Nspor Nopor LNbiss) bits
3A - TDD [G(NDTOT L) + Zi%ﬁl @(NSzL)] pilots +[NSTL)T NDTQT LNbitS] bits
3B - TDD [O(NprorL) + 3%  ©(Ns, L(Npyor + 1))] pilots
3A - FDD TDD Overhead-l-[ZLJIVZDO_1 O(Np, L)] pilots +[Npror Nsror LNbiss] bits
3B - FDD TDD Overhead+[3.7'2~" ©(Np, L(Nspor + 1))] pilots
4A - TDD [O(NsporL) + ©O(Npror L)) pilots +[Nsror Noror LVbits| bits
4B - TDD [@(NSTOT L) + e(NSTOT (NDTOT + 17)L)} pilots
4A - FDD TDD Overheadt-[2Nsyor Nopor L Nbits| bits
4B - FDD TDD Overheadt-[O(Nppor Nspor L)] Pilots +[Nsypor NDgor L Nbits] bits
See Table Il for the definition 0®(X).
Note: The expressions assume the destinations transmit first. If theesawansmit first, then the expressions are the
same excepNp, ., and Ns,, switch roles.

example, let us consider a system with= N = 256, L = 4, from the best antenna can be utilized. If both transmitting
Ns = Np =4, Nsyor = Nppor = 8, B =1/2, Npis = 8, and receiving nodes have multiple antennas and the nodes are
and a fixedM -QAM modulation used for CSI feedback withpower-constrained, then SFBC/STBC can be adopted. If the
M = 16. For TDD, 2B-TDD and 3B-TDD have the lowestMIMO nodes are rate-optimizing, then SDM can be used.
delay of5 OFDM symbols. For FDD, 3B-FDD has the lowest With regard to the option of pilot forwarding from a single
delay of 9 OFDM symbols. If NV is increased tal024, the antenna or multiple antennas (Section IlI-C), if the reicgjv
smallest delay is still 2B-TDD and 3B-TDD for TDD & nodes need not know all of their receiving channels, then
OFDM symbols, but for FDD, 1B-FDD now has the shortesising a single transmit antenna can save some overhead, sinc
delay at6 OFDM symbols. The delays will be unique to eaclonly one set per transmit node of added pilots needs to be
system setup as there are many variables which affect thle tofransmitted. If the receiving nodes know all of their reasiy

In the CSI feedback/feedforward, the choice of transngttichannels, then the overhead of pilot forwarding from single
from a single antenna or multiple antennas with SFBC/STB& multiple antennas is the same, but the latter will have
or SDM (Section V-B) depends on the system specifics suavantage in terms of peak to average power ratio (PAPR)
as MIMO size and power and rate constraint. If there &nce the number of transmitted tones per radio frequengy (R
only one receiving node with a single antenna, transmittiraain is smaller in this case.
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Fig. 5. Channel estimation MSE for all three channels in a modRiplexing

Fig. 6. Channel estimation MSE for individual channels ofgi#nL; = 3
. . . ) andLz =9
B. Channel Estimation for Channels with Different Lengths

In our simulations (Section VII-B-VII-E), we adopt OFDM
with N = 64 subcarriers and 16 cyclic prefix samples. Th
average pilot SNR is defined as= (Eiotal/Niotal)/(No?)
where Niot1 IS the number of channels present in the no
multiplexing schemeF, .1 is the total pilot energy transmit-
ted for all Niota1 Channels, and? is the noise variance at the
considered nodd. For pilot forwarding scenarios, we will
use~; to denotey for the source pilots at thé&h hop, and

destination channel), is no longer optimal and suffers ghsli
fotal MSE degradation if compared with the proposed optimal
CDM-F design without equal MSE constraint which uses 16
lot tones. The proposed FDM uses minimum pilot amount
of 15 tones and gives almost the same total MSE performance
as the proposed optimal CDM-F design. Thus, the proposed
designs provide better total MSE performance with smaller
: . -~ pilot overhead if compared with the existing design from][12
72r 10 denotey for the relay-inserted pilots. If not explicitly In terms of MSEs of individual channels, the existing design
mentioned, we use; = yor. , _ from [12] yields a smaller MSE than the proposed designs for
Here, we evaluate the proposed pilot designs for channgls, -nannels with length,, — 3 and a larger MSE for the
with different lengths. We consider a node multiplexing-sce,4nnel with lengthL, — 9. The reason is as follows. The

nario where a source with two antennas and a single antenpanne| with longer length experiences a larger MSE under
destination simultaneously send pilots to a single anteelag 5| pilot energy allocation due to larger dimension of the
and the relay estimates the three channels. The channsais f??arameter space. Under the criterion of minimizing totalBMS

the source to relay have length, = 3 and the channel y,o ohtimal design allocates more pilot energy to the chianne
between the relay and destination have= 9, and they have longer length to bring down the total MSE at the cost of

an exponential decay power delay profile (PDP), decreasing &,o MSE increase for the shorter channels.

dB per t_ap. We will colle_ctively present the res_,ults in tV,VO Next, we evaluate the proposed design with equal individual
perspectives: ,,') comparative performance_ of dlffergnbtpn MSE constraint. Note that both our other proposed desigds an
designs and ii) impacts of pilot designs with and without g yesign from [12] do not provide equal individual channel
constraint of equal individual channel estimation MSE. FQigtimation MSE. The proposed design yields equal MSE for
the first perspective, we test three different pilot desiahe i, i iqual channels, but its total MSE slightly increasgstbie
design from [12] and the two proposed designs, namely Qe simijar to that of the design from [12]). The proposed
approxmately cycllcglly eqw-spacgd FDM_ design ar_1d NRinimum overhead FDM with equal MSE constraint gives
optimal CDM-F design presented in Section IlI-E Withou, ¢ the same MSE performance and hence is not shown

equal individual phannel estimation MSE constraint. 'FCB’ ﬂ]n the figure for presentation clarity. The design with equal
second perspective, we add the optimal CDM-F design Willlyiiqual MSE constraint allocates more pilot energy te th

equal '”d""‘?'“a' chz_innel egtlmatu_)n MSE constra_lnt. The_esa channel with longer length than the optimal design without

channel estimator in (20) is applied for all the pilot design such constraint does, which decreases MSE of the longer
The total channel estimation MSE performance is shown ¥hannel and increases MSE of the shorter channel.

Fig. 5 while individual channel estimation MSEs are presdnt

in Fig. 6. The theoretical MSE expressions match the simula- . . i

tion results and only the latter are presented for claritstF C: Tone Selection and Pilot Forwarding Schemes

the design from [12], which is optimal under equal channel First, we present the effect of forwarded pilot tone logagio

lengths and uses either 48 pilot tones (16 tones per chamnelpn the first-hop channel estimation performance. Wexgeds

24 pilot tones (4 tones for each source channel and 16 tonesifo[17] and v; = ~2 = 7,. For all channels, we assume
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Fig. 7.  Effect of tone selection for pilot forwarding7s = 8 x {0:7}, Fig. 8. Shift-invariant characteristic of a forwarded pilset: (For
Jr =k x {0:7}) TDM/CDM-T source pilots,7r = To + m. For FDM/CDM-F source pilots,

JIr ={T0, 71 +m}.)

the ITU Pedestrian Channel Model B with a raised cosine
filter with roll-off factor of 0.5 and L = 8 sample-spaced
channel taps. To focus on the effect of forwarded pilot tone 15}
locations, we consider one source, one single-antenng rela
and one destination. First, we investigate for a singlesam
source which transmits one set of 8 cyclically equi-spadied p
tones (Js = 8x{0:7}) and the relay forwards the source pilots
on Jr = k x {0:7} for k € {1:8}. The relay also transmits its
own 8 pilots with cyclically equal spacing which are disjoin
(in time or frequency) from the forwarded source pilots so
that the destination can first estimatEr.p and thenH g_p.

Fig. 7 shows the first-hop channel estimation MSE (using the ) ‘ ‘ ‘ J
proposed estimator) for different locations of forwardé@dtp % 5 10 15 20 25
characterized by the spacirig of adjacent pilot tones. We ¥, (@8)

observe that; = 8 (corresponding to cyclically equi-spacedy o
pilots) gives the best results which corroborates the desig
analysis in Appendix B.

Next, we consider a source with two antennas whidfowing{Hr.p[k]}). The proposed CDM-F pilot forwarding
transmits two sets of 8 cyclically equi-spaced pilot toneithemef, = 0,7, = 1) also gives practically the same MSE.
where Js = 7o for TDM or CDM-T source pilots, and However, with an unrecommended setting & 0,7, = 7),

Js = {To,Ti} for FDM or CDM-F source pilots where the CDM-F scheme shows a slight MSE degradation. This is
To 2 8 x {0:7} and 77 £ Ty + 4. We first check with expected since the orthogonality of the CDM-F forwardedtpil
Jr =k x {0:7} for k € {1:8} for TDM and CDM-T source Sets is affected by the channel estimation erfakdd ».p [k]}
pilots (similarly for FDM while keeping disjointness of itsat Js, and Js, + 71, and such effect increases with more
two pilot sets) and obtain the same results as in Fig. 7. Nef@hdom (less correlated) channel estimation errors @reet

we investigate the effect of shifting the locations of thiotpi 71). Nevertheless, the MSE degradation is insignificant and
set(s), i.e.7r = To+m for TDM or CDM-T source pilots and hence CDM-F with suboptimal setting ¢f} could still be

Jr = {To,T1 +m} for FDM or CDM-F source pilots. Fig. 8 considered if other constraints prohibit the use of optimal
presents the first-hop channel estimation MSE for differeftting of{r;}.

shifting m. The MSE (the same for different proposed source

pilot designs) is invariant to the pilot set shifting in gilo D. Estimator Performance and Effects of Pilot SNRs

forwarding, confirming the analysis in Appendix B. Here, we will present performance of the proposed MMSE
Now, we consider two antennas at the relay and evaluastimator in estimatinghs.z,, at the destination and the
FDM, TDM, CDM-T and CDM-F pilot forwarding schemes.impact of different pilot SNR settings. We consider one seur
Their channel estimation MSEs dH s,.p obtained at the two relays, and one destination, all with a single antente. T
destination are shown in Fig. 9. FDM, TDM, and CDM-source transmits pilots, and the relays forward receivedcso
T pilot forwarding schemes give the same first-hop channgilots together with inserted own pilots to the destination
estimation MSE as expected since forwarded pilot sets maifhe pilots and their forwarding mechanisms are according
tain orthogonality (the pilot sets can be decoupled withot Section Ill. The system and channel models are the same

—+— TDM/FDM/CDM-T
o - CDM-F (T0=0, T1=l)

—&— CDM-F (1,=0, 1,=7)

107}

Channel Estimation MSE

Comparison of several pilot forwarding schemes
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Fig. 10. Effect of the second-hop channel estimation acguwache first-hop Fig. 11. The first-hop channel estimation performance undedfsecond-
channel estimation performance hop SNR

as in Section VII-C. The destination estimatgsg,.p} first
and then{hgs.g, }. We include the MMSE estimator from
[16] as reference. We obtain practically the same resulafior
proposed pilot forwarding mechanisms.

The channel estimation MSE fofthgs.g,, } is shown in
Fig. 10 for various accuracy levels fn}%i_D (indicated byys,.).
The MSE performances foks.r, and hs.r, are identical,
so only one is shown. We observe that the estimators coulc
experience MSE floors depending oa,. It is due to the

Channel Estimation MSE

]~ Ay=10dB
nature of using the second hop channel estimate in estighatin ~ & - Ly=1508 S

the first hop channel. To explain more, we can observe from ©O Ay=2008

—#— Direct MMSE

(23) that any error inf{H p, .p} will be multiplied with the 107 5 = = = s
pilot signal causing an interference in estimationhyf .z, ¥, (@B)

which increases with pilot power. If the estimation error of _ ,
{Hpr, p} is not small enough compared to the noise Ievgfgi‘mlazti on %gefg tf‘;it'ig A”;E)} second-hop SNR on the firgt-bbannel
affecting the source pilots, the above mentioned internieze "

will become dominant and cause the MSE floor. The proposed

method outperforms the reference method due to two reasofgse with H ., estimate represent the effects of both fixed
i) the proposed method incorporates the effect of secopd-ho, and~,,. There are MSE floors at highy and the starting
channel estimation errors in estimating the first-hop cbanrbomt and level of the floor depend on values-efand va,.
while the reference method ignores that effeand ii) the e observe that at a fixesh, there is little improvement on
exploitation of channel frequency correlation propertytie first-hop estimation performance by increasingoeyond 5dB
reference method is less fruitful than the proposed methOdabovew, and~; = v, would be an energy-efficient setting.
For the proposed estimator with = ~,, we observey,, In Fig. 12, we show the effect of boosting the second-
should be at least the same as or larger thato avoid MSE hop SNR on the first-hop channel estimation performance
floor for the ﬁrSt-hOp channel estimation, and bOOSt‘iy@g by where Yo = Yo = Y1 + Afy As an ideal reference, we
5 dB abovey; would yield the MSE performance very closenclude the performance of directly estimatitgs.z, by
to that with perfec{ Hp,,-p }. the MMSE estimator ai?,, (denoted “Direct MMSE”). In
Next, we present the effect of fixed second-hop SNR (general, boosting the second-hop SNR can improve the fisrt-
and~z,-) on the first-hop channel estimation performance ®fop channel estimation performance subject to the power
the proposed estimator in Fig. 11. The results obtained wiidget of the second hop, and 20dB boost yields almost
perfectH g.p (i.e.,y2» = o) show the effect of fixed, while the same performance as Direct MMSE. However, boosting

beyond 10dB will not be energy-efficient as the improvement
2The MSE curve of the reference method fgs. = 10dB shows an becomes quite incremental.
intriguing result of a slight increase at high SNR. By negtexthe effect of . ,
estimation error fo{ Hr,.p } and hence its interference effect, the reference To eva!uate _the proposed MMSE eStlmat‘_)r s performance
method induces a model mismatch in its MMSE formulation which graith  in scenarios with mismatched channel covariance knowledge

increased first-hop pilot power and its effect becomes domiidne level of  \ye assume a uniform PDP for both hOpS in the development
the neglected errors (dependent.) is significant compared to the noise

level affecting the source pilots (dependentan. This explains the nature of the proposed MMSE eStim_ator while the actual Channels
of the MSE curves of the reference method. correspond to the ITU Pedestrian Model B. The other settings
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Fig. 13. Channel estimation MSE ¢{s.g,, using the proposed MMSE Fig. 14.

Impact of CSI accuracy on BER of a relay system witlect@n
estimator with mismatched statistics diversity

are the same as in Fig. 12. The simulation results are peSendjone due to its higher diversity order. The quasi-analytic
in Fig. 13 which shows similar MSE behaviors but WithsER results match well with the simulation results. Our
degraded MSE performance if compared to those in Fig. }¢onosed estimator's performance is close to that withegerf
obtained with perfect knowledge of the channel covarianegannel knowledge, whereas the reference method again sees

matrices. We also observe that the performance degradatipRegradation due to its inaccurate channel estimation.
due to the mismatched knowledge can be offset by increasing

the pilot SNRs of both hops.
VIIl. CONCLUSIONS

Relay and MP-MP systems rely heavily on channel knowl-

E. BER Simulation i o
) ) o edge at various nodes. We have presented CSI acquisition
To illustrate the impact of CSI acquisition accuracy Onyel%rotocols, pilot designs, pilot forwarding mechanismsd an

systems, we evaluate the bit error rate (BER) performance @fannel estimation methods for various scenarios of retay a

a relay system (with the same setting as in Section VII-Qyp_vp systems using MIMO OFDM with TDD or FDD.
with selection diversity. The OFDM subcarriers are dividedg proposed new pilot designs offer overhead saving and the
into 8 subchannels containirg consecutive subcarriers eachsame gptimal estimation performance for channels with lequa
and only one subchannel is assigned to the considered Sg&igih and better estimation performance and smaller ewerh

D group. Data is transmitted using QPSK andis set the o channels with unequal lengths than the existing designs
same value as the data SNR on a transmitted tone oftthe \ye 150 presented pilot designs (in particular pilot energy
hop (denoted byNR;). After the CSI acquisition phase, theyocation) for minimum total MSE without the constraint
system selects a specific relay and a specific subchanned (S%'Tnequal MSE of individual channels as well as with the

for S-R and R-D links) (named relay and subchannel selectiqynsiraint. We have developed an MMSE estimator to estimate
for. data transmission to the destmatlon' or a specific reh.iy the first hop channels at the receiving node of the second hop
a fixed subchannel (named relay selection). Channel esimalq shown its significant advantages over an existing method
are used in selection as well as data detegnon. The systeMye have analyzed tone selection for pilot forwarding and
computes the cascaded channel power gain summed aciass seq several pilot forwarding schemes for relay nodes
the subcarriers of each subchannel and selects the one \jih, multiple antennas. We showed that the tones for for-
maximum value. The proposed estimator and the referengg,jing a set of cyclically equi-spaced source pilots sthoul
method are the same as in Section VII-D, and the performangeinain the same relative positions within the set while
with perfect channel knowledge of both hops is also includgfly e|ative positions of different sets can be changed. We

as an ideal reference. The exact closed-form analytical BERyetigated the effects of the first-hop and second-hop SNR
expression for the above system is intractable due to the i} 40" forwarded pilots 4. and ~») and the pilot SNR
volvement of ordered statistics of correlated random We®m o, ihe second-hop channel estimatiop,) on the first-hop

Thus, we include a quasi-analytic approximate BER evaduali;panne estimation at the end node of the second hop. We

for the proposed method (see Appendix D). observed thaty,, = ~» + 5dB gives performance close to

Fig. 14 shows the BER performance. The relay and sUftat with perfect channel knowledge of the second hop while

channel selection gives better BER than the relay selecti% — 4. = m + 20dB yields performance close to that
obtained by directly estimating the first-hop channel atehe
node of the first hop. At a fixed value 6f = ~,,., an energy-
efficient setting for the first-hop is; = 7,. But with a fixed

3Both selection diversity and maximum ratio combining are wetleived
approaches; here we arbitrarily adopt selection divetsitjlustrate the BER
advantage of the proposed method over the reference method.
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71, boostingyz = ~o, up to 10dB abovey; offers energy- A straight-forward manipulation yield81SEp, ,, ~ as in
efficient performance improvement. We have introduced (86) (shown at the top of the next page) Whexgals accordlng
node multiplexing concept which reduces overhead and delay(eq. 177 of [37]), %R, ,-p,, = Qafy, PO Qy +

of the CSI acquisition. We also discussed how to choose ~ o1
among various CSI acquisition approaches in both relay amﬂI T, = QHE; weDy g © ¥R, .-Dy . N Hp, i
MP-MP systems with different CSI needs. The best protocisl the vector{H D, k[ l;p € J.}. ¥, depends on7,
would depend on the specifics of the system and chantielough@ ;- and Qan,,, Dy . Dropping the terms
parameters, constraints, and CSI needs. irrelevant to’}"ﬂ” the design becomes
APPENDIX A min Tr {thi-am,n QciQ;’l\IlJnQ;’IQCithi-Rm,n } '

PROOF OFOPTIMALITY OF PILOT DESIGN IN (3) AND (4): " (37)

. o H . ._
_ Using .Qci:y[o] = VNF AC,S?J Fr,, the optimal condi With optimal source pilot deS|gn for source to relay chaanel
tions satisfying (2) can be expressed as with L, taps each we hav®, Q — BT andQ QY _
N-1 T
S lcmpe = { gzt B D TOL LG L Qu, Que,

1,V - — o2
k=0 EBay, d=0, —21)~!. Then, the deS|gn becomes
(31) ) B B

N-1 - min T {GRL W, QG (38)

CO* k] €O ke R =0, d=0,£1,--- ,£(L; — 1), L o
P For Hp,, ..p,, With wide-sense stationarity in frequency

(32) domain (e.g., with diagonal,, ), Qg and
Jtmon P m,n =k
wherew; # 1y, By substituting (4), the left hand side (LHS)QAHRMWD% are N x N Hermitian Toeplitz matrices, and the

of (31) and (31) become statistics of the.7,| x 1 complex Gaussian vectol ,, . .p, ,
L1 and Ahg,, ..p,, Selected according tg,, remain the same
E,, &Zzd when 7,, is shifted by any fixed constant. Consequently,
7 N = Eadld, d=—-Li+1: L -1, (39) Q.- 7 andQ A 7 Yo are shift-invariant tq7, qand g
1=0 1 Hp, nopy AHRy 5Dy ), m
Li—1 ,_ so is the channel estimation MSE in (36).
E j2mi{d+dya} k.l
Z v R = En8]d + dio), (34) Define Q;, and ¥’ to be theL; x Ly (k,I)-th sub-
— matrices of Q., and \Ilj", respectively. For independent
source channels we have = diag{Go, ,GNSi_l} with

wheredis £ (ni,, — niy,)L1. As L > Ly, (33) satisfies
(31). To see (34) satisfies (32), recall that,, — ni,,| € Gv = Qhs, . (Qhe n, WR I)~'. With the above
{1: Ng, — 1}, thus ford = 0,+1,--- ,4+(L; — 1), we have submatrices, (38) can be given as
d+ di2 # 0 andd[d + di2] = 0 which completes the proof. Ns, -1 Ns, —1
min Tr v QT whk v t 39
APPENDIXB Tn ; ¢ ZO k¥, e | Go o (39)
PILOT FORWARDING DESIGN:

Suppose the sourcg with Ng, antennas transmits pilots on
Js, ={T,;v = 0:Ng,—1} whereT, consists ofZ; cyclically
equi-spaced pilot tone indexes. In general, a rekay,, can
forward the received source pilots on ahys,| tones. The
destinationD; ;, uses the forwarded pilots arfelz, . .p, .t
estimatehg,.r,, ,. We formulate the design of tone selection
for pilot forwardlng by minimizing the MSE in estlmatmgdI
hs,-r,,., as

which does not contain the terms corresponding{%@i :
k # 1} as they sum up to zero due to orthogonal source pilots.
Consequently, the design is only affected by individuak set
{Jn} (i.e., relative index positions within each set) but not
the relative shifting between the sets.
Furthermore, ¥ ;, maintains properties of a covariance
matrix, and for channels with uncorrelated taps its main
agonal elements are the same regardlesg,oivhile the off-
diagonal elements depend ¢fy. Thus, from (39) a judicious
argmin MSEp . (35) design choice is to seledt7, .} such that the off-diagonal
In o elements of{( ¥ } (equivalently those of the main diagonal
where the elements of,, = {J,.;v = 0:Ns, — 1} can be submatrices OQHR -, andQAHR DL ) have as small

any |Js,| distinct numbers from{0 : N — 1} if forwarded magnitudes as possible. This implies that the spacing of any
in one OFDM symbol (if 7., and J,, are in different 5gjacent tone indexes irf,,., should be as large as possible
OFDM symbols, they can be the same) afid, represents (ihe indexes in.7,, should be cyclically (modv) equi-

the tone index set on which the source pilots received’on spaced) while7, , and .7, ; within the same OFDM symbol
are forwardedMSEp; . is given by (30) obtained for the are disjoint for # 1. With optimal source pilot indexes
FDM pilot forwardmg mechanism with only one pilot mdexj = {T,;v = 0:Ng, — 1}, the above design can be simply
setJ, (i, with Ng,, = 1, P = al; . AHy,, .0, = given asJ,, = T, + 7, (mod N) for any {r,} such that
Ang, .o, =diag{®s, Hr, D, .} and Qw,, = opI). {7} within the same OFDM symbol are disjoint.



MSEhSi'Rm‘n = Tr{E thi’R'm..n -

(o)

~ Tr {E [thi—nm,n ~Qngp, O, (Q;l _

APPENDIXC
PROOF OFOPTIMALITY OF (14,15,17,18F0OR CHANNELS
WITH DIFFERENTLENGTHS:

where B[m]
E[|Bm]*’] = of
channel estimation errors and AWGN noises and is given as
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} (36)

Z transmitted data with
and I[m] is the effective noise due to

is the zero-mean

Let A and d denote the vectors consisting of the eigenf[m} = a(Hp.p[m|Hg.g[m] — ﬁR-D[m] ffs-R[M]) Blm]

values and the diagonal elements ﬁfLQC, respectively.
Then, d majorizes A [36] and consequentlyMSE/o?,y

= ST N > SRt 1/de. For fixed {E;},
d is always fixed at[Eg1] ,Ey17 .- -, Ex_117 _ ]"

while A can vary depending on the npilots. Thus, for

fixed {E;}, the MSE minimizing eigenvalues are given
by A= [EO]'EO?Ellgla"'7EK—11,£K71}T which i

+ OLHR.D[m} WR[’ITL] + Wp [m]
= FIS_R[m]AHR_D[m] + I:IR.D[TTL]AHS_R[TR] + WD[m]+
AHp.plm|AHg.g[m] + a(Hg.plm] + AHg.p[m])Wg[m).

(45)

(46)

Given MMSE estimate§ H.p[m], Hs.r[m]}, the dominant

straight-forwardly obtained by (14) and the MSE becomd§rms of I [m] are complex Gaussian and hentje:| can be
o2 Zfiﬁl L;/E;. The remaining optimization is to find thewell approxmatgd as complex Gaussian. Then, the BER for
set of {E;} that minimizes MSE under the constraint oRPSK can be given as

constanty_" ' E;. Using the Lagrange multiplier method

yields the optimal pilot energy allocation as given in (15). BER ~ E |Q \/|O‘HR'D [m]ﬁs'R[m”%% (47)
Next, usingQ., = VNF? Ay Fy,, the optimal condition E[|I[m]|?]

can be expressed as ~
N1 where  E[|I[m][?] is computed from (45) as
S lCie = { 0 d=dl HLo D) oldlHpnlHsalm] — HuplmlAssinlP + o,
= i =0 +a?|Hg plm]|*oyy,, while Q(-) is the Q-function and

(40) its expectation is carried out ovefHg.p[m|, Hs-g[m],

N_1 Hpg.p[m|, Hs.r[m]} via simulation.
ST CiE Culke ™R =0, d= L, +1:L;—1. (41)
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