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Abstract—In this paper, optimal pilot sequence designs for MIMO-OFDM systems in the frequency domain (FD) using
MIMO-OFDM systems in multi-cell environments are provided. phase-shift orthogoma@equences (circular-shift orthogonality
The proposed multi-cell optimality criterion i§ to minimize .the in the time domain (TD)) [9][10]. Furthermore in [11], a
worst-case MSE of an LS-based channel estimator. To satisfy . . L
the multi-cell optimality, it is found that the pilot sequence ger,]eral P"Ot sequence des_lgn,(:,rlterlon was propqsed_ for
set, having the perfect auto-correlation property, should meet Various pilot structures by minimizing the channel estimation
the Welch bound and the maximum magnitude of the cross- mean square error (MSE) in which the sequences in [9][10]
correlation function should be further minimized. Multi-cell gre included as special cases. Here, pilot sequence structure
optimal pilot sequence designs for various pilot types and their 010 clasdied into three types : code-division multiplexing
DFT representatlons are proposed by a}doptlng. Chu sequences (CDM), frequency-division mitiplexing (FDM) and a hybrid
and a tight upper-bound on the maximum size of the pilot v A )
sequence set is derived for a given pilot sequence length and ©ON€ combining both (HDM). However, although these pilot
the maximum allowed cross-correlation value. Simulation results sequences are optimal for thengle-cell environment, these
show that the proposed pilot sequences can improve both the are ddinitely not optimal for cellular systems due to the
S:Ilsilf‘oglc:'iglt:nance and the system performance in multi-cell ..o/ cell interference (ICI) [12].

) Since the MSE of the channel estimator depends on the

Index Terms—Channel estimation, MIMO-OFDM, pilot se- sjgnal to noise ratio (SNR) and the correlation function
quences. between pilot sequences, it is important to select a good

root sequence with good correlation function properties. In
I. INTRODUCTION [13], pilot sequences yielding a zero variation dumént
RTHOGONAL frequency division multiplexing (the root mean square of interference power divided by the
(OFDM) has attracted a lot of attention due to its highnean) were designed using Chu sequences for multi-cell
data rate transmission capability, simple implementation aMIMO-OFDM systems, which can be achieved only when
robustness against frequency selective fading channels. THbg, magnitudes of the cross-correlation function are identical
the combination of the capacity enhancement of multipfer all possible lags. However, such a design is limited to
input multiple output (MIMO) with the robustness of OFDMthe case where the pilot sequence length is a prime numbert
against frequency-selective fading is considered as the m@herwise, when the pilot sequence is not a prime number,
promising transmission scheme for wireless communicatiotite variation cogfcient cannot be zero and the MSE depends
[1]-[4]. However, in MIMO systems, the accuracy ofon the delay differences among the desired and interfering
channel estimation becomes more and more crucial ot signals. In addition, the MSE may be reduced by taking
comparison with single-input single-output systems due to tHe advantage of the sparsity of wireless channels, suct
simultaneous transmission of signals from different antenn@$ the rank-reduced least square (LS) channel estimation
causing the multiple co-channel interference [4]-[11]. Thigossibly with a tap selection [7][14]-[16]. In this case, one
issue highlights a good design of pilot sequences and higsasonable criterion is to minimize the worst-case MSE by
channel estimation accuracy is an essential requirementminimizing the maximum magnitude of the cross-correlation
achieve the full potential performance of MIMO-OFDMfunction, which can be achieved when the magnitudes of the
systems. In [7][8], pilot sequences using phase-shift of cross-correlation functions among possible pilot sequences
Science, Oregon State University, Corvallis, OR 97331 USA.are as uniform as possible for a given pilot length. It is well
Digital Object Identfier 10.1109/TWC.2011.082011.100939 known that some sequences have relatively good correlatior
properties, such as pseudo-noise sequences or Chu sequenc
and have been adopted in many commercial cellular standard
such as the 3rd Generation Partnership Project Long Tern
Evolution (3GPP-LTE) [17][18]. However, no explicit multi-
cell optimality is given for an arbitrary sequence length and
it is required to provide a multi-cell optimality criterion and
the corresponding pilot sequence design.

In this paper, a multi-cell optimality criterion is proposed
by minimizing the worst-case MSE for MIMO-OFDM
cellular systems. One of the main results of this paper is that,
for a given pilot length, the worst-case optimality is achieved
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when the pilot sequences satisfy the perfect auto-correlatic

property and meet the Welch bound [19][20] for the full-rank

LS channel estimation, and the maximum magnitude of th

cross-correlation function should be further minimized sc

that the distribution of the cross-correlation function is as

uniform as possible for a rank-reduced LS channel estimatiol

possibly with a tap selection. According to the multi-cell ’

optimality criterion, the optimal pilot designs for various

pilot types are proposed in the TD and the FD, which is ’ ’ ’
another main result of this paper. Finally, a tight upper-boun A’

on the maximum number of supportable neighboring bas A

stations (BSs), i.e., the number of available multi-cell optima

pilot sequences, is obtained for a given pilot length anc

the maximum allowed cross-correlation value among the ' ' '

sequences. The remaining of this paper is organized ¢
follows. In Section Il, the system and signal model of a
multi-cell MIMO-OFDM system ag described. In Section I,

the MSE of an LS-based channel estimation is derived in

multi-cell environment and the multi-cell optimality criterion

is proposed in the sense of minimizing the worst-case MSEQ_ 1. An example of the pilot sequence reuse pattéis |
In Section 1V, the multi-cell optimal pilot sequence designg =2, = 1,|Ng| = 7 case).

according to the three pilot types are proposed both in the TD

and the FD and the upper-bound on the number of available

sequences is provided. In Sen V, the MSE performance i, pth BS, T() = pO)4! )/No, be N =Z(N +1),
and the channel capacity coneithg the channel estimationig available at the™ MS, whereP() is the transmit power
error using the proposed muttell optimal pilot sequences ¢ i a pth BS, o' ) is the average attenuation factor between
are shown and compared with those using conventional pilgfs, ¢™ MS and thebt™ BS including the path-loss and the

via computer simulations. Finally, concluding remark is giveg'hadowing andN, is the one-sided noise power spectral
in Section VI. density. ’

Notation : Bold characters represent matrices or vectors.| .. x() _ {X( )|t € N = Z(N )} be the FD pilot
Uppercase characters and lowercase characters represengé:(%en
and TD signals, respectively. Al x M identity matrix is
denoted ad and a zero matrix of\/ x N is denoted as x\) = [X( )(O) X )(1) oo x( )(N -7, 1)
0 » . Also, Tr(A) of a square matriA denotes the trace
of A, |B| stands for the cardinality of a s& and diag|c] —1 9
of an N x 1 vector ¢ denotes theV x N diagonal matrix Z ‘X( )(n)‘ =1, (2)
with ¢ on its diagonal. Furthermore;)*, (-)T, (-)¥ and =0
(-) denote the complex conjugate, transpose, Hermitian aggd
the modulo/N operation, respectively, and  denotes the O
element in thert" row and they®" column of a matrix in the ‘X (”)‘ >0onlywhenneM ={n,,--,n }.  (3)
bracket. Also,Z" and Z (N) denote respectively the set OfHere, M denotes the set of pilot symbol locations for the
all natural numbers and the set of nonnegative integers l€8s ;\tanna andJ 7671M — Z (N). LetS() denote the™

thann, i.e, Z(N) ={0,1,--- ., N —1}. BS’s FD pilot signal matrix, which is given by
S():[sé)s(l)...s() }’ (4)

r—1

=1 +j +ij

ce set of thig? BS, given by

where

II. SYSTEM MODEL

Fig. 1 shows the pilot sequence reuse pattern considered"lJ(lJFre
this paper, which is similar to the frequency reuse pattern in sV =15V sy - SOV - 1)T (5)
cellular systems. Here, each BS’s index represents the index ) b b
of the allocated pilot sequence and denotes the number'S the FD signal vector on the® antenna of thé™ BS and
of neighboring BSs with each haviny transmit antennas pO)
according to the reuse pattern [21]. Also, we assume that a ¢ )(n) =4/=—X )(n) (6)
whole OFDM symbol withN' sub-carriers is used as a pilot N
symbol and the same LS-based channel estimation, possiklyhe transmitted signal at the® sub-carrier. LefV (i) =
with a proper tap selection seme [7][14]-{16] is performed exp (j2—) and the inverse discrete fourier transform (DFT)
at receive antenna of each mobile station (MS) so that we naegerformed to obtain
to consider only one receive antenna. Since a typical cell ac-
quisition has been already done before performing the channel 5O (k) = /%x( ) (k), @)

estimation, we can assume that the average received SNR of
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where z )(k;) = %Z ;01X( )(n)W (nk) for ¥ = and 50 and %) are theN x L toeplitz matrices, dined
0,---,N —1 and the transmitted TD signal vector at e respectively as
antenna is obtained after the cyclic fire(CP) insertion as _ _
s sSYv—1) sS4
sO=[sUv=nN ) 500U v-] @) O 0 SOV L)
R . _ . . (18)
To avoid the inter-symbol and inter-carrier interferences, we : : K :
assume thalV > L + 7., WhereN is the CP length[ is _5( )(N -1) s )(N —2) - s )(N - L) |
the maximum length of channel taps ang.. is the maximum
time difference of the propagation delays among neighboring r 0 0) 2 )(N 1) N )(N o 1)_
BSs. Leth!’ be thel x 1 sample-spaced channel impulse 0) 0) 0)
response vector between thé¢ antenna of thé" BS and (| * (1) v 0 e (N = L+2) . (19)
the ¢** MS’s receive antenna, given as : : . :
N -1 v=2)... 2OWN-1L)

h(>:[h(>(o)...h()(L—1)T, 9) ) _

Also, h') is the LN x 1 channel matrix déned as
where 1’ (1) denotes the'™ path gain. Here, we assume

that {h')|teN andbeN } is a set of independent hO =h)" h) . )TTfl]T7 (20)
Gaussian random vectors satisfyid@[h( )] = 0¢x1 and
E[h( N )H] — "), where andn = [n (0),---,n (N—1)]T is a zero-mean
white Gaussian vector with covariance mat@ov [n | =
o )(0) 0 E {n n H} = NoI . Here, from (10)—(12), it is easily seen
o) — : 5 7 (10) that
0 ot (L) E{hw)h( )“} :{ v a=0, 1)
0¢ rx¢ 7, @ # b,
¢-1
a( ) _ Z U( ) (1), (11) where
=0 'U( ()) e OC x¢
and vl) = ) : (22)
g ' O
a(): Z a(). (12) OCXC v S
=0

. . ) — x0T %0) i
If the time and frequency synchronization are perfect at tillgt D) o+ XX (ar)wdb l()e; the index of the target BS
receiver, the received TD signal of thg? MS at the k" of the¢™ MS, i.e, T " > T " forallb € N . Then, the

instance after removing the CP is given by channel estimaté'’ of h' ) is obtained as
2GS0 ) N N (plo) e on
y )= 3 SO0 ) 0 ), @3) B =\ (D(F) =My
=0 =0 =0
. . . . - . ) -1
wheren (k) is an independent and identically distributed addi- =k [h(a 4 Y/ %(D( ‘?)) D n0)
tive white complex Gaussian noise sample with. (k)] = 0 e VPR ! !
andE[|n (k)|?] = No. Lety be the received TD pilot vector N o
at theq'® MS given b 2 (pla) gl
q 9 y + P(q)(Dq) z(an |, (23)
y =y 0y @)y @-1". (14)
) ) _ ) whereN =N \b andk isthe LN x LN diagonal
Then, it can be rewritten in a matrix form as matrix whose diagonal elements are either 0 or 1, indicating
B whether the corresponding channel taps are selected or no
y = Zg( )h() +n Note thatx = Tr[x ] denotes the number of selected taps
—0 (15) andk =1, , implies that the tap selection is not employed.
B
:Z ﬁi()h()—ﬁ—n 7
— | N [Il. PROPOSEDMULTI-CELL OPTIMALITY CRITERION
where For the purpose of the pilot sequence design, we can simply
50 = [éé ) §(1 ). ;71], (16) assume that all channel taps of §& MS are selected so that
the diagonal elements @ in (23) according to the channel
O =[x &) -x0) (17) taps are 1, i.e.s h' @ = h'?). Then, theMSE of the ¢**
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MS is obtained from (23) as where xo = {]35)}0 N Dlv = I, , and
€ENp a
FCa) o) (R0 _pl 0\ ¢ x-1|r2 2
E{Tr{(h"—hq)(hq—h") H > |[D)] | == torjezmn ).
MSE = (ol oF - q
LN E [Tr{h “h* H Proof: See Appendix A. [ ]
1 Dl -1 24 Theorem 1 tells us that, in the case of using the full-rank
¢ Q)Tr k ( q ) (24) LS channel estimation (i.eN = LN ), the multi-cell
optimality criterion is achieved when the pilot sequence set,
MsE(") having the perfect auto-correlation propertl])(() =1
) -1 -1 ) _
+Z ﬁT{ﬁ( )D(q)“(D(qq)) e (D(qq)) D(q)] for b € N ), meets the Welch boun(j;O oy | =1
ene LN T for b € N \a anda € N ), i.e., the pilot sequence set
MSE( should be a perfect sequence set and an Welch bounc
B (o) ) equality (WBE) signal set [20]. Among well-known perfect
= MSE® «’ + Zq MSE®’, sequences are Heimiller [23], Frank [24], Ipatov [25], Chu
eNp sequences [26], and the class of Chu sequences is th
whereo!) = v' /ol is the normalized multi-path intensitylargest and known to be WBE signal sets [27][28]. Thus,

profile between thé'® BS and the;'® MS. Then, the optimal it is & natural consequence to adopt the Chu sequences fo
pilot design is to minimize (24) regardless @fand thusy , the design of the multi-cell optimal pilot sequence sets.

{T( )} eny, Kk and {i’;( )} e, ). More spedically, define Also, it is easily seen that the single-cell optimal criterion
)B’ R ' in [9]-[11] is the special case of Theorem 1 wiHsn = {0}.
€ ({Dé }
0 €Np

the ¢t MS over all {5 )} N, {r} ey, K satisfying
> eny, Y') =7 andTr[k | = x . Then, the optimization _
problem in (24) can be rewritten as MSEnin = K& as in [9]-[11].

1 Q),I K ) as the worst-case MSE of
Corollary 1: When N = {0}, the optimality condition
and the minimum MSE in Theorem 1 i%AéO) = 1} and

X" =argmine ({Dg)} ! q),I,K;), (25)  Now, consider the case of using a rank reduction
X€ER 6 eNp (N > LN ). Although the worst-case MSE of the LS

where X is the collection of all possime{pg)} _If channel estimator is determined only by the total sum

o €Ng of the squared magnitudes of the cross-correlation values

i ) i o )
_there eX|s_ts a sequence set ) ENs acgordlng th ' T petween the pilot sequences, the MSE of a rank-reduced LS
'S the °p“”?a' pilot sequence set in multi-cell eNVIroNMeNtay, 5 nne| estimator depends only on the ICI at the selectec
First, consider the case of the rank-reduced LS chanqs s. Thus, the cross-correlation functions should be as

estimation, 1., the rank ig. a.md.n =L T f"‘n.d the uniform as possible to obtain the multi-cell optimality in the
following theorem shows the criterion that minimizes the

worst-case MSE. rank-reduced case. Also, l&f ' = max {D( )] ’
O a4 €Z(¢ 1) B
Theorem 1:\We can express the worst-case MSE éa}nde - qel\rrl,lgaiNdeq' Then, the multi-cell optimality

given {Dg )} v 1 andk = LN as in Theorem 1 is almost achieved as long@sV < LN ,
0 €Ng which will be corfirmed from simulation results. In the case
. ({Dg )} of using a tap selection, we can assume that< LN
6 €Np

T(d T,k =LN

o ) and the worst-case MSE becomes highly dependertt as
1 ¢zl N (26) follows.
N +1p
A q"

q )

Corollary 2: For xo in Theorem 1, if6 <« 1 and
k <LN , the worst-case MSE is upper-bounded as

0

where \\) is the i eigenvalue of D}, M(q) =

¢ 71 2 K N 102
T [D(q)} //\(qq) ’ #( ) —  max #(q) andy , = € (X0|T( DIk ) ( ) (28)

<
Z:o q < ¢ 1 — LN T(q)+T(q)

O). Then, it is lower-bounded
Iggéu o e LIS fower-bounded as Proof: See Appendix B. [

From the Welch bound, the minimum possible valu® i
c ({Dg )} Y [k =LN ) 1/v/N when the sequence lengthAg which is achieved only
0 eNs when all cross-correlation valseare the same. Note that the
>e (Xol Y I,k =LN ) variation coeficient becomes zero in this case. Although it is
N I (27)  well known that some sequence classes satisfy the conditior
==t for special values ofN (e.g., Chu sequence set with a

prime N), no known sequence class sfiis the condition
éMSEmin, among the entire class for an arbitrarily given sequence lengtf
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and we need to use a partial sequence set in which the
cross-correlation function of any two sequences Satisthe

teN} for N e {kN ke Z"}, (32)
condition. In addition, in order toxcrease the partial sequence €Z( sr)

set size, we may relax the condition by setting the maximu, 0 :La T T. W . wherer :[R ™ }
allowed cross-correlation value larger thafn/N. Note that ' VN ¢ ’ +1
such a pilot design can be considd as a generalization of

that in [13] for an arbitrary pilot sequence length. In the next uecZU),veZ (V)} for N e {kV, keZ*},
section, the multi-cell optimal pilot designs according to the €Z( u.0)

three pilot types are proposed using Chu sequences both in (33)

the TD and the FD and a tight upper-bound on the maximum
number of supportable neighbogiBSs is obtained accordingWhere[R] denotes thé™ smallest element of a s&,
to each pilot type for given sequence length and the maximum

allowed cross-correlation value. I = 1]

—_— (34)
IV. OPTIMAL PILOT DESIGN USINGCHU SEQUENCES IN

MULTI-CELL ENVIRONMENTS W =diagl W ()---W (N-1)10)], (35)

A set of Chu sequences with the length¥fis ddined as and

C ={a |reR ={reZ ,ged(N,r)=1}}, where —m ) .. —m

the (k + 1)th element ofa , a (k)gis given by 55 (f _ TZL) 0 ((SN(_lm) ) g g_mg
_y (RGN = ... | e

@ =W ( 2 ) ' (29) 0 (N=1-m)dé (2—-m) --- & (—m)

In [26], it was shown that the_periodic autocorrelation function Proof- See Appendix C. -

1
ofa withlagr,0 (7)= Y a (k+7)"a (k),satisies  As stated in Theorem 2, the proposed TD pilot sequence
sets satisfy Theorem 1, i.e., the worst-case MSE is minimized
for the full-rank LS channel estimation, and the maximum
6 (r)=Né ((1) ), (30) cross-correlation value is further bounded fyWhen ¢ is
set to 1/v/N, the proposed TD pilot sequence sets have

where§ () is the Kronecker delta function. Furthermore, th@niform cross-correlation functions, satisfy the criterion in
detailed properties of the cross-correlation function of the Chtheorem 1, and make the variation dégiént zero. However,
sequences are provided |89 by the authors and some ofihe number of available sequence¥,( , N, or N, )
them will be used for the optimal pilot sequence design in thRay be too small. In this case, we can increase the set siz:
following subsection. by increasing slightly. In this case, the multi-cell optimality
is almost achieved, which will be crmed from simulation
results, and further the worst-case MSE is guaranteed to be
] ) ] . less than the bound in (27) when a tap selection is used.

In this subsection, both TD pilot designs of the CDMygte that a strit orthogonality is assumed in Theorem 2,
FDM, and HDM types which satisfy the multi-cell optimality; o < N/L. However, we may employ more antennas
criterion for given sequence length' and the maximum \yithout increasing the number of pilot OFDM symbols by
allowed cross-correlation value exploiting the sparsity of wireless channels at the cost of

slightly increased MSE [31]-[33].

Theorem 2: Suppose thatv > LN and N = UV. In practice, it is convenient to obtain the optimal pilot

Let R be the largest partial index set & satisfying gequences in the FD to use the standard OFDM modulatior

that, for anyry,r € R, ged(N,rg — 1) < VNG Then, and the following theorem shows an easy way to generate
the following TD pilot sequence sets satisfy the multi-ceftp sequences.

optimality criterion as long as the maximum number of

. =0
the perfect auto-correlation function property as

A. Multi-cell optimal pilot sequence design

supportable neighboring BSsV¢ = [R | for CDM, Theorem 3: The proposed FD pilot sequences
— T T — T T
i];ﬁarg_ergrﬁan]\f | for FDM, and N = [R © | for HDM) xO = |x0 (0) - L x0O (N —1)| corresponding to the
' proposed TD pilot sequences in" Theorem 2 are respectively
O 1 given as,
CDM:{ x :ﬁa ,T¢ , where r = [R ] 41
CDM:{X()‘teN } for Ne ZT, where
€Z( s,c)
+
teN } ( )fOI’NEZ , (31) X()(n):W (Ltn—rpb(n))Og), (37)
€Z( s,c

| FoM:{XUteN ) forNe{kN kez'},
FDMI{X( '— —a J T W wherer :[R T T] €z( s.r)
+1

VN

where X' )(n) =
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g pilot type and a tight upper-bound on the available sequence
z set size is obtained in the following theorem.
i
Theorem 4: Suppose that the pilot lengthV is
N—1
represented a&% = [] p ¢, wherek is the number of prime
=0
factors of N andp denotes the®™™ smallest prime factor of
N. Also, ddine G (0) £ {g|N6*> < g < Npo#2,9€ G }
and g (0) 2 max arg minp (g) |, where ¢ (N) =
€GnN()
N*l
[T » ' (p —1) denotes the Euler's totient function [30].
oood =0
OFDM Symbol Then, the maximum number of supportable neighboring BSs
E3: Pilot Sequences " according to each pilot type is bounded by
[ : Pilot Sequences ﬂ;Antenna1 GEAntennaZ For Antenna 1, 2
For Antenna 1,2,3,4  EB: Antenna 3 [: Antenna 4 £ Pilot Sequences Nﬂ' < ) (g (9)) , (40)
For Antenna 3, 4
CDM FDM HDM Ne <o(g - .(00), (41)
N: <¢(g - (0)- (42)
Fig. 2. The pilot signal structures according to the three pilot types.
Proof: The proof of Theorem 4 is straightforward since
R [<¢(g () [29] n

Theorem 4 provides the upper-bound on the maximum

_ T T () _
{W T T( TP (Z))O p=IN 1€ ZIN/N ), number of supportable neighboring BSs. Also, it was shown

0, otherwise, that the bound is quite tight so that the equality holds for
(38)  most practical cases (mosf up to a few thousands) [29].

HDM :{X( ) ’u cZ(U),veZ (V)} for The number of supportable neighboring BSs tends to decreas
€Z( s.H) as the maximum allowed crossirelation value decreases.

Ne {kV, = z+} and N = UV, where x )+ (n)= Also, it increases as the smallest divisor/éfexceeding)? N
. O increases. Table 1 describes the upper-bound and the lowel
{W . (LUZ—T‘ P (l)) O ,n=1V+v,l€Z(N/V), pound on the maximum number of supportable neighboring
0, otherwise, BSs for variousN and#. The lower-bound is obtained using
(39) the sequence search algorithm in [29]. From the results, it is
1 1 corfirmed that the bound is tight. Also, it is seen thaffigignt
where p (n) = r~'n(r7tn+(N),)/2 and vt is the o0 sequences is available even for very sthathen

. o : 1
5‘;:."‘;1‘)?1 skat|sfy|rt1g l;he Illnear congrulenget :_1 (én%%N?A’\I the smallest prime factor oV is not small. In the case of
which is known to be always uniquely determined [30]. SOy = 2, which is one of the worst cases, the CDM type

T —1

o) = _ S>> a,” (k)forme G whereG is the set is preferred and needs to be increased slightly to support
¢ all divi =0 -~ one tier (N | = 7) or two tiers (N | = 19) of neighboring

ot all divisors OfV. BSs in the hexagonal cellular structure. However, the MSE

hPmOf" S;e Alxlppendz( D. i he o erformance loss is negligible in typical cases, which will be
Theorem 3 tells us that we can easily generate the pigl,gimed from the simulation results in the next section.
sequences in the FD and the proposed FD pilot structures

are illustrated in Fig. 2. The proposed FD CDM pilot
symbols spread over the entire sub-carriers with equal power,
the proposed FD FDM pilot symbols are equi-powered, In this section, we evaluate the performance of various pilot
N equi-spaced and frequency-shifted pilot tones, and teequences for the pilot reuse patt¢hy | =7(i =2,5=1)
proposed HDM FD pilot is comprised of equi-powerdd, case as shown in Fig. 1 under the following two channel
equi-spaced ofU consecutive pilot symbols. It is easilymodels : urban macrocell (3km distance for BS to BS, path
seen that the proposed CDM pilot is the md&xible on loss exponent (PLE)=3.5) and urban microcell (1km distance
the sequence length among the three types. On the otf@r BS to BS, PLE=2.6) with other channel parameters
hand, the length of the FDM pilot must be divisible byas described in [34] (the exponential delay fieo with 6

N . However, the FDM pilot is more appropriate when theaths, where the delay of each path is a log-normal randomr
pilot should be multiplexed with data in a single OFDMvariable for the given rms delay spread). Also, the normalized
symbol. The use of the HDM pilot can provide the tradeoffistance denotes the distance from the target BS to the MS
between theflexibilities on the sequence length and on thef interest divided by each channel model’s cell size. We
pilot-data-multiplexing as long a& is divisible by V. use the proposed CDM pilot signal with = 256 (2.5MHz

Although the proposed multi-deloptimal pilot design system bandwidth) ané? = 0.032 for the urban macrocell

according to each pilot type igvailable, the number of and N = 1024 (10MHz system bandwidth) angf = 0.008
available pilot sequences for give¥i and # depends on the to support the one-tier reuse pattern. For comparison, the zer

V. SIMULATIONS
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TABLE |
THE MAXIMUM NUMBER OF NEIGHBORING SUPPORTABLEBSS FOR VARIOUSN AND 6 WHEN Np = 4.

0 <0.02 <0.06 <0.10 <0.14 <0.18 <0.22

N [Type [ L U | L JUJ[LJUJLJUJLJU]JLTU
CDM || 60 | 60 | 60 | 60 | 60 | 60 | 60 | 60 | 60 | 60 | 60 | 60

244=2 -61 | FDM || - . . . | 60 | 60 | 60 | 60 | 60 | 60 | 60 | 60
HDM | - . | 60 | 60 | 60 | 60 | 60 | 60 | 60 | 60 | 60 | 60

COM || 4 | 4 | 8 | 8 | 16 | 16 | 32 | 32 | 32 | 32 | 32 | 32

256 = 2 FDM || - : : : : S22 2] 2| 2| 2
HDOM || - - |2 | 2| 4| 4| 8|8 | 8| 8| 8] 8

CDM || 66 | 66 | 66 | 66 | 66 | 66 | 66 | 66 | 66 | 66 | 66 | 66

268 =2 -67 | FDM || - . . . | 66 | 66 | 66 | 66 | 66 | 66 | 66 | 66
HDM 66 | 66 | 66 | 66 | 66 | 66 | 66 | 66 | 66 | 66

CDM 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126
508 =2 -127 FDM 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126
HDM 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126 | 126
CDM 8 8 16 16 32 32 64 64 64 64 64 64
512 =2 FDM . . . . . . 4 4 4 4 4 4

HDM 2 2 4 4 8 8 16 16 16 16 16 16
CDM 4 4 42 42 42 42 42 42 84 84 84 84
516 =2 -3-43 FDM . . 2 2 42 42 42 42 42 42 42 42
HDM 2 2 42 42 42 42 42 42 42 42 42 42
CDM 16 16 32 32 64 64 | 128 | 128 | 128 | 128 | 128 | 128
1024 =2 FDM 1 1 2 2 4 4 8 8 8 8 8 8

HDM 4 4 8 8 16 16 32 32 32 32 32 32
CDM 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256
1028 =2 - 257 FDM 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256
HDM 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256 | 256
CDM 12 12 36 36 72 72 72 72 | 216 | 216 | 216 | 216
1036 =2 -7-73 | FDM 6 6 6 6 6 6 36 36 36 36 36 36
HDM 6 6 36 36 36 36 36 36 36 36 36 36

TABLE Il
THE COOPERATIVE PROCESSING GAIN BETWEEN THEMBFAND THE CMBF SCHEMES

Perfect Proposed 3GPP-LTE Single-cell optimal
r =7 01 ] 0509010509 01]05]09] 01]05] 09
011 341]226]1.75]085]081] 0.79] 0.68] 0.66 | 0.63 ] 0.66 | 0.65| 0.64
03| 504]358[238|215|195|146] 182|166 1.35| 1.80| 1.65| 1.31
r 05| 679|415 438 | 415 344|239 369 | 3.05| 220 | 3.65| 3.02| 2.18
0.7 | 641|510 404 | 462|381 | 327 420| 350 298| 418 | 345| 2.95
09| 498 423 395|422]389| 349|376 346 312| 3.73] 340 3.10

variation pilot sequence set [13] is used, which is equivaleasing 10°> channel realizations and the full-rank LS channel
() _ 1 ' _ ’ estimation, and the MSE of the zero-variation pilot signal
© {X = v, T wherer = [Rl } +1J ¢z » with N € {257,1021} obtained from the same simulation
where N’ is the nearest prime number aV. For the are compared for the one-tier reuse pattern whenthe
simulation, N = 257 and 1021 are used forN = 256 and average SNR at the cell boundary, is set to 10dB. From
1024, respectively. The single-cell optimal pilot sequendhe results, it is shown that the MSE performance of the
[10] with randomly selected initial phase and the 3GPP-LTRroposed pilot signal is (almost) identical to that of the
downlink reference signal (those in thérst two OFDM zero-variation pilot sequence for similar values /6f which
symbol in each slot) are also used for comparison. Note thadnfirms that the proposed pilot sequences can provide the
one whole OFDM symbol is used for thiérst three cases optimal performance even if the pilot sequence length is not
and N pilot symbols distributed over two OFDM symbolsa prime number.
are used for the 3GPP case. For the channel estimation an Fig. 4, the MSE performance of the proposed CDM
the receiver, the LS channel estimatidhié set toN/4) and pilot signal is respectively compared to those of other
the LS channel estimation with a tap selection are used gpitbt signals in urban macro and urban micro environments
we assume that all real channel taps (6 for each antenna)with N = LN by using a simulation with10°> channel
correctly selected ani% more taps (3 for each antenna) areealizations and the full-rank LS channel estimation. From
additionally selected randomly. Also, in case of estimatintpe results, we can see that the proposed pilot signal car
the channels of more than one cell, a cell-by-cell successpmvide better MSE performance than other pilot signals, not
interference cancellation is used. marginally even in the inner-cell region, and the performance
In Fig. 3, the MSE obtained from (27), the average MSHap increases as the sequence length increpseéscreases,
of the proposed pilot signals (CDM, FDM, HDM) with or the PLE decreases, i.e., as the channel estimation is mor
N e {256,264,1024,1028} obtained from the simulation affected by interference rather than by noise.
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Fig. 5. The MSE improvement of the rank-reduced channel LS channel
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Fig. 4. The MSE performance comparison for the full-rank LS channel
estimation.

with N = LN by using a simulation with10° channel
realizations and the reduced-rank LS channel estimation with
In Fig. 5, the MSE performance improvement of théhe tap selection. Similar to the previous case, the proposec
proposed pilot signal is respectively compared to thogdlot can provide the full advantage of the rank reduction and
of other pilot signals in urban macro and urban micréhe tap selection due to the multi-cell optimality.
environments withN ~ 3L'N (L ~ 3L') by using a In order to evaluate the impact of the channel estimation

simulation with10° channel realizations and the reduced-rarfidtor on the system capacity, a simpl€é BSs/K MSs
LS channel estimation (with the rank df' N ). Here, the clustered cooperation scenario is considered. As shown in
MSE ratio is déned as the MSE using the reduced-rank L&I9- 7, each BS or MS has 4 antennas and the single-cell
channel estimation divided by the MSE using the full ranRinimum mean square error beamforming (SMBF) scheme
channel estimation. From the results, we can see that {88] with Q\)(H")), i = 0,1-.- K — 1, as the precoding
reduced-rank LS estimation using proposed pilot can take th@trix at the i'* BS, respectively, and the cooperative
full advantage of the rank reduction for both the noise arf@inimum mean square error beamforming (CMBF) scheme
the ICI, while that the using the conventional pilots fails t40] with Q") (HL;) as the joint precoding matrix, where
reduce the ICI as much as possible due to the lack of thE ) and ﬂagg are respectively channel estimates @f’
multi-cell optimality. andH,,,. Using a pilot symbol, each MS estimates channel
In Fig. 6, the MSE improvement of the proposed pilomnatrices from theK BSs by using the reduced-rank LS
signal is respectively compared to those of other pilahannel estimation with a tap selection and reports them
signals in urban macro and urban micro environments its own BS. In SMBF, each BS performs transmit



3362 IEEE TRANSACTIONS ON WIRELESS COMWVNICATIONS, VOL. 10, NO. 10, OCTOBER 2011

R; \
ri=—= \ - —-SMBF
‘"R 35 I
Proposed
H(u) H(AJ — — —3GPP-LTE
H A ! 305 Single-cell optimal|
g ) o %% o 1=0.1r,=0.1
H(u) H(KJ N 25F S i
: , I r,=0.5,r =0.5
A ) 2 N 1 2
Q. (Hu ) +‘NVUIA;\;) % 20+
©
@
Q
I
O

e
0, (A1) H‘i’(f‘ i N”"}g);ﬁ )
CMBF:Q} (H,, ) JTIA(Q[ (f.)oc (1., )"

SMBF:Q{ (H[) = (A7)

) \fTr(Qs (80)e, (i)' P —

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 7. KBSsIKMSs clustered cooperation scenario using the SMBF [39]
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Fig. 8. The capacity of the SMBF scheme.

Fig. 10. The capacity of thé{-BS CMBF scheme wherdV = 1024 and
pp = 10dB in the urban micro environment.

beamforming using each estimated chanBEl’ while in
CMBF, K BSs jointly perform MMSE beamforming using
estimated aggregated Chanﬁigg_ For each iterationH,,, Moves to the cell boundary when 3 BSs and 3 MSs are
is randomly generated and estimated at each MS by usifigcooperation. As is well known, the CMBF scheme is
the pilot symbol with the proposed or the conventional pildhuch more sensitive to the channel estimation error than
signals. From the true and the estimated channels of edeB SMBF scheme and we can see a sigant performance
iteration, the SINR of each stream at each MS is calculatg@in, especially in the inner-cell region where the CMBF
by considering the interference power due to the mlsmatshheme suffers from the channel estimation errdiﬁ% and
betweenHagg and H,,, and, the average capacity of eacEH (BSl and BS2 at MSO0). Similarly, the performance gap
MS is obtained by numerically averagiigg,(1 + SINR) increases as; andr, decrease due to the channel estimation
over 10° iterations. error in A" and A" (BSO at MS1 and MS2). Although
In Fig. 8, the average capacity of MSO using the SMBfhe performance gap decreases-@®r r; (r) increases, we

scheme is plotted in the urban macro and urban micecan still obtain non-negligiblgperformance gain. From the
channels. From the results, we can see that non-negligitgsults, it is also shown that the use of proposed pilot makes
performance gain can be obtained due to the improvdte cooperation scheme more effective due to the improvec
channel estimation quality. Although not shown explicitlychannel estimation quality.
the performance gain of using the proposed pilot over theln Fig. 10, the average capacity of MSO using the CMBF
conventional pilots does not vary much as the normalizegheme is plotted in the urban micro channel for various
distance changes. number of cooperation BS<K(). Here, each of theX MSs

In Fig. 9, the average capacity of MSO using the CMBIS located atr = 0.5 (or » = 0.9) in own cell. From the
scheme is plotted in the urban macro channel as M$®8sults, it is shown that the capacity gain obtained by using
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the proposed pilot increases as the number of cooperating BSs APPENDIX
increases. This is due to the fact that the channel estimation p,,of of Theorem 1
becomes more challenging &S increases and the impact of O () A ()m(OH ] ) i
the channel estimation quality improvement becomes more-€t D QA’Q using eigen-decomposition.
significant. Also, let vt )u( "™~ 50 and IN | =N +1. Then, we
In Table I, the cooperative processing gain of MS@an obtain
when K = 3, ddined as the capacity of the CMBF scheme O
divided by the capacity of the SMBF scheme, is shown iMSE() =
various values ofry andr; = ro when the perfect channel LN T "
estimation is assumed, the proposed pilot is used, and the _ ") T [y( P )HQ( ‘Z)(A( q))—é( 20 ()}
conventional pilots are used. From the results, we can see LN T a q
that the channel estimation error can severely degrade the () ¢ gt
cooperative processing so that SMBF scheme can be better — _ T Z {{D( ) 5D )H} /(A( q))Q}
than the CMBF scheme when the MS is quite close to the LN 1( a a a ’
BS. However, by using the proposed pilot sequence, we
improve the channel estimation quality and enlarge the regi
where a cooperative processing can provide a meaninglul[CHAC| = Z [CCH] [A], . for a square matrix
performance gain. =0 ’

O™ (p ) 20
Tr{v()Dq (qu) Dq} (43)

Wﬁere the third equality comes from the fact that

C and a diagonal matrixA and [ﬁ( )} = "), Since
=) O _ &M po |
VI. CONCLUSIONS Tr[o" '] = 1, for p 7 = ZO {D q} />\ | and
This paper provides the optimal pilot design criterion mir(f(q) - 0<m32x ”( ', we obtain
imizing the worst-case MSE of an LS-based channel estima-
tion, which is shown to be safied when the pilot sequences {4?)1}“ MSE!
have the perfect auto-corrélan property and meet the Welch beNp
bound, and further the maximum magnitude of the cross- ) ¢ r-1 Om o OB ()
correlation function is minimized so that the distribution of = T () Max {D .U D . } /(A S )
the cross-correlation function is as uniform as possible. Based LN T "7 "5
on the proposed multi-cell optiah criterion, optimal pilot
sequence sets according to the three pilot types are proposed TO) ¢ )
using Chu sequences both in the TD and the FD for given pilot — LN 1(e H}f}f( Z Z ‘ [ } /A q
sequence length and the maximum allowed cross-correlation
value. Also, a tight upper-bound on the maximum number of rt) & O E ) Col?
supportable neighboring BSs is obtained according to each™ LN T¢ q)nfﬁfi —~ v ZO {D q} A q
pilot type for the given sequence length and the maximum -
allowed cross-correlation value. From the simulation results, r®) ‘! () () 44
it is shown that the proposed pilot can provide the (almost) — (o) H}%f( — voR, (44)
optimal MSE performance eventtfie pilot sequence length is B
not a prime number. It is also shown that, although the MSE _ TV @)

performance of the full-rank LS channel estimation does not 1, n ¢ Bl

depend on the maximum allowed cross-correlation value, that

of a rank-reduced LS channel estimation, possibly with a tayhere the maximum is achieved when). = 1 for j* =
selection, is highly dependent on it. Simulation resultsficon argmax,u() ando') =0 forj # j*. Then, forp =
that the proposed pilot can take the full advantage of the rank

() 2% _ () _
reduction or the tap selection for both noise and ICI due 88 ¥ # b =arg max Y') andy> s T =1,we

eN?

the multi-cell optimality. obtaln ?

The impact of the use of the proposed multi-cell optimal
pilot signal is also shown for both cases of the conventional € ({Dg )} Y. I,k =LN )

: . . - 9 €Np
single-cell processing and the coordinated multipoint (CoMP) O
processing. Although a non-negligible capacity improvement = Yinax ~(glax Z MSE
is obtained in the single-cell processing case, the proposed q}bENqB {”q }beN;g ENp (45)
pilot signal can offer a sigficant performance gain over the ¢ et
entire cell-area in the CoMP oasAlso, the impact becomes — 1 I
more signficant as the number of cooperating BSs increases. LN T ¢ o A
Thus, the proposed multi-cell pilot design is meaningful not !
only because it provides a nice multi-cell optimality but alsvhere the last equality holds whéf' ) =71 andT) =

because the use of the proposed pilot signal can proviide b # b*. Define N x K matrix ® = [®(---® _;]| where
significant performance improvement in practical systems. ® ,i=0,--- ,k—1, are lengthA unit column vectors. Then,
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|[®H®|°> > K2/N where|A|
A, which is known as the Welch bound [19][20]. L&t =
[5'((0)...,1( B_l)]

and D = xHx. From the Welch bound
[19], it was shown in [20] th:;1ﬂ<I>H<I>H2 > K?/N and then
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is the Frobenius norm of B. Proof of Corollary 2

From (24) andyg in Theorem 1, the MSE of the LS channel
estimator with the tap selection is given as follows.

- 1 -1
we obtain MSE = — Trik (D( q)) (50)
L’r( q) a
<H< (2 _ H ) -1 1
HX XH =Tr [DD ] + TiTr {i}( DS )H(D( q)) P (D( q)) D! )]
B B LN ’r( Q) q q q q
) eNY
=3 > (o] (46) . ) ,
6=0 =0 ) =—+ Z — )Tr [{)( )D(q) K D(q)}
(] +1)LN)7 LY ' &5 LN Y
- N KR T( ) H
:—LT( 5t Z N T q)Tr [u( ) D( " D( Iyl )}
where 2 = Dy'D$)". Since Tr [Q( )} > € 7 NG
() ¢ _r-1
2 T
Z Tr {Q(qq)} ZM and :%_’_Z — Z {D( )i')( )D( )H} [K‘, ]
4€N5 Lyt L LN Yt b !
B
Z Z Tr [Q(q)} ;mllarlyr(a}s: |;1 cvp;pggtc:; A, forTr[o'’] = 1 and
«€Np eN% € % !
2 2
(N +DIN ) (N +DEN ) @47 . ({Dg>} 7l qu’,i)
- N N 0 €ENp
N (N +1) (LN )? = max max Z MSE()
N b ~(b)
N {T‘?}beN% {Uq }beN% eENp
: . . ¢ -1 ) (51)
Now, let's consider the symmetric case in order to be re- __* U Z ‘ k]
gardless ofb , whereAl) = X and Q(e) = U for all 7 S\ a2 e i
aeN \bandanyb € N . Then A andQ'’ forbe N K I 0%k
and0 <i < LN , should satisfy .yt Ly (e
¢ r—1 0) 2 ]
¢ ! where j* = arg max ’D [« ] and the in-
> A=LN, (48) €z 7 S “
=0 equailty comes from the fact thaﬁD(Q)] < 6, which
concludes the proof.
Z Z Q( ) (LN ) (49) C. Proof of Theorem 2
eENY. =0 N Consider the HDM case only because we have the FDM
case wher/ = 1 and the CDM case whel = 1. In order for
the proposed HDM pilot to satisf]j)( ) = I ., the(i, ;)"
Because of the symmetricity’ = -+ = p ) ()2 e (O =() ;
Yy Yoo~ = -1 = 7= element of the sub-matrij' ', %'/, ,] should satisfy
oA ut) anduo:~-~—u31—uémaxu“ OO
T GNq ~ ~ _ ] _ / _ !
Then, in order to minimize (45) regardlessq)fwe need to [x + X ’} =0 (=i (v=v)d (u—),
¢ 52
find {Dé )} N that jointly minimizes Z 1/)\ and (52)
S
. From (48), and the mequallty between the arithmetic arg(ar 0<ij<L 0(<) u, U’ <1 U, 9 < v < Vandb €
N . Suppose thak = 7~a, I T. W forbe
the harmonic means, Z 1/)\ is minimized when\o = 7 (N, ), then we obtaln

=0
= A Also, 1 = ma ma. O)
¢ orob m= GN)q( 0< CX T K

is minimized andmax max Q') is
€N% 0< ¢

m|n|m|zed Wh|le satisfying (48) and (49) ie, whén =1
andQ') = LN /N for 0 <i < LN andbe N . Then,
substitutingy , = <~ and )\( D —1,0<i< LN ,in
(26), obtains (27) which conciudes the proof.

is minimized

When max A

[sé "R, }

Zx

=0

((k+i) ) 2", ((k+3) )

-1

:Nz {(a S (k+Lu+i)W (v(k+l)))*

=0
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a” (k+Lud+)W ' (k+j 53 ot ot f s i
b (k+ j‘])l _1( ( +J))} (53) _ZZZ wa k’-H )x(, o ((k"H) )
:% (v'j—vi Z Z{( (ko N/V)+k1+Lu+@)) = 9 (11 071 C_Ol

1=0 1=0 ()ZZZ’GT j—z—FL(u—))(S(’)’2

a [ (ka(N/V)+hi+Lu+ )W (o' =v) (ka(N/V)+ 1))} =0 =0 =0

- VNS L )
:%W (v'j —vi) Zl{(a N (k1+Lu+i))* _(N) go ‘Qa L —l—Lu—T)‘

1=

Vv 2 '+¢ +¢ -1 9
== 07 (1),
a.” (ki+Lu'+5)W ((v'=v)ky) Z W ((v'—v kg)} (N) :Z ’ <o (1)

/JFC
wherei = L(vU +u) +14 andj = L(v'U +u') 4+ j'. Then,

. — for an any natural numbef < N, we obtain
Since > W (vk)=V§ (v), we have y o
=0

= - )
SO () } Z:: 0 (D] =

X + Xy 4
! . N 5 (d N and Nodd (58
:%W (w(j—1i)d (V' —v) go {(a N (k’—l—Lu—l—i)) g Z (d) andu v evenorNodd (58)
a (k+Lu’+j)} Za (d ——>,NevenandL v odd
=W @G-8 ()0, (L)) (54) o ‘o ‘o
S5 (1) (W —u)s (o —v), If ¢ is a divisor of ¢, z b (d) = z ]

_ (td —g /2)=(/g .Sinceg "  isadivisor ofLU, we ob-
where the last equality comes from the fact tha “2 /;C Y1

p X . . . ¢ -1 2 . 2
0, (G-i+L@—w) = (NV)§ (j=i) 0 (u'~u) tain HDM \ S G M S AN Col
from (30). Also, by denoting the periodic cross- ., =0 _ ='+¢

correlation function betweea and a with lag as (—) —— = =, which concludes the proof.

—1

0 ()= 2 (a (k+ T)) a (k), we obtain D. Proof of Theorem 3
N Similarly, it is suficient to prove in the HDM case. In [35]
[D(q)} — %5 (W —v)0 bz ) (1), (55) and [36], it was shown thatl (n) (<F—N> a (k)) can be

written as
wherer = L (v —u)+j—4. In [29], it was shown that B
|6 (7)| is given as A (n)=W (-rp (n))A (0). (59)

By using DFT PropertylV (mn) S (n) <% s ((k +m) )
6 (d),Nandu v evenorNodd [11], we get

9 (T) = T N/V T
| | ) (d —%), Nevenand: v odd AT W (Lun) €S a ™ (k+Lu).  (60)
(56) Since W . (Lul—rpr (1 )X() = \/7A )
where g = ged(r — s,N), v = N/gcd(N,r —s), W . (Lul), we obtain
v =((r—-s/g ,d =17—ig andi = LT/g J L
)
Then, ||[D") ’ = ’ —g,) .0 (v=v)§ (r)| and — > X (n) W (nk)
) V=g w-us () 7w X
max |:D( ):| ’ =1/ —g bq be IDFT of HDM FD sequence
Similarly as in (53) and (54), we obtain 1 !t 0)
= W . (Lul T (D))XNW ((IV4w)k
¢ r1 2 \/]v; (Lut=r o, ) ((IV+o)k)
> |[p) 1
=0 W (wR) —
¢ -1 - 2 Z + (Lul)W . (1K)
Uy Hxém Q) _1} {i(g)__.i( ) ‘IH 1\/N \/N/V
7:10 e , :\/—Na , (k+ Lu) W (vk) (61)
SDIDID I (57)
= / _..0)
'—=0 =0 =0 |i :|/ ! T =+ (k)7
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which concludes the proof.
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