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Abstract—Accurate estimation of MIMO frequency selective if S7~)r. o.(k) = 0,k # 0. In this letter, only se-

fading channels is important for reliable communication. In quences with the equal lengthV are considered, there-
this letter, a new channel estimator which relies on aperiodic fore Zp—l

complementary sets of sequences is proposed. Theoretical argify p=1=0 Taia,(0) = pN.f ano;flelr set ofp sequences
and Monte-Carlo simulation have shown that it achieves the {Pi}i—o IS complementary and_;_ ra, b, (k) = 0,Vk,
minimum possible Cramér-Rao lower bound. A low-complexity wherer,, p, (k) = Zg;olfk @inbi (ntr), k € [0,N — 1] and
hardware implementation of the estimator is also provided. (k) = b, a;,(—k), k € [-N +1,—1], then {qu}f:_(} is a
Index Terms—MIMO Channels, Aperiodic Complementary —Mmate Of{ai}f;ol- More details can be found in [4].
Sets of Sequences, Channel Estimation, Frequency Selective A collection of aperiodic complementary sets of sequences
Fading. {a;}'=), {bi}r=), -+, {z:}?-, aremutually uncorrelated if
every two aperiodic complementary sets of sequences in the
collection are mates of each other.
In this letter, we take» = 2. The aperiodic complementary
HANNEL state information is required for coherentssequence paifag,a;} with N = 2M M > 1, can be

detection at the receiver, which gives rise to the neabnstructed by the following recursive method [5]

Ta; ,b;

I. INTRODUCTION

for accurate channel estimation. Training-based charstel e (m) _ ,(m=1) _ (m-1)
mation is widely used in most existing communication system Yok = Yo,k A, (k-0 —m) m € [1, M] 1)
because it offers less complexity and better performance, (™) — o7 fag"(b,:;wm)’ Y

compared to the blind approach. Among various training
sequences in literatures, the complementary pair [1] haswih aéo,l = a§°,1 = 0, Wheredy = 1,6, = 0,k # 0.
special place in single-input single-output channel estiiom After A iterations, we obtain a pair of aperiodic comple-
[2][3]. In this letter, we propose to use aperiodic complenentary sequencesy = [ao,0,d0,1, - ,a0,N—1] anda; =
mentary sets of sequences [4] for multiple-input multipla1,0,a1,1,- - ,a1,n—1], €ach of lengthV.

output (MIMO) frequency selective channel estimation, tue  Based on property 3) in [1lag and a; are also comple-
their low complexity and capability to achieve the minimunn(nentary, whereb is the reverse of the sequentg i.e.,

possible Crarar-Rao lower bound (CRLB). br =bN_1-k, k€[0, N—1]. Moreover, according to Theorem
Notation: - is the matrix transpose,”! is the matrix 11 in [4], if {a,b}E a complementary set of two sequences
inverse, || - ||r represents the Frobenius norfi[-] is the of lengthV, then{b,—a} is its mate. So{a;, —a,} is the

mathematical expectationjs the sample averagé,, denotes mate of{ag, a;}, and vice versa.

the m x m identity matrix, 0,,x, IS them x n zero matrix,

x means proportional tay is the estimator ofz, ¢t € [m, n| I1l. SYSTEM AND CHANNEL MODELS

implies ¢ is an integer such thab <t < n, []ij, 3,5 >0 \we consider the block fading model for frequency selective

is the {i, j}"" entry of a matrix, tf] is the trace of a matrix, pMiMO channels, where the channel response is fixed within

Nr and Ny are the numbers of transmit and receive antenngge plock and changes from one block to another, randomly.

respectively, andV, is the length of each training sequenceys js a suitable model for indoor MIMO channels due to the
low mobility [6]. In what follows, we consider ai, + 1 tap

Il. DEFINITION AND CONSTRUCTION OFAPERIODIC channel impulse response (CIR) with the tap indef0, L],
COMPLEMENTARY SETS OFSEQUENCES the transmit antenna index; € [1, Nr|, the receive antenna
, index n,.€[1, Ng|, the training symbol index.<[0, N, — 1],
Let a; = [a;0,ai,1,- - a5 (v-1)] be @ sequence ofl's, gng the signal index at the receivieg[0, N, + L —1].
and 7, a0, (k) = SN0 M a0 ik, [k €[0,N —1], LetH = [H, H; --- H;] be the CIR matrix of the MIMO

is the aperiodic autocorrelation of the sequemrce[4]. A  frequency selective channel, where
set of p sequences{ai}f;o1 is complementary if and only

haa(l) - b (D)
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TABLE |

notation, the signals received WR antennas, CorreSponding ASSIGNMENT OFTRAINING SYMBOLS TO TRANSMIT ANTENNAS

to the training symbols transmitted froii;r antennas, can be

written as BT
Y = /p/NyHX +E, 3) - ,
u v
where the training matriX, whose dimension i8/7(L+1) x 2 v —u
(N + L), is defined by 3 QIIl+l | v/ttt
X(O) X(l) e X(Nx_l) Onpx1 -+ Ongxi 4 vIIE+L | /Tl +t
SR L O Np—1| wume v/
0NT><1 s ONT><1 X(O) X(l) o X(Nw—l) Nrp vII? —u'II?
in which x(n) = [z1(n),z2(n), -+ ,2n,(n)]T. Note that
Y = [y(0),y(1),--- 7}'(TNT + L —1)], wherey(k) = o I 0's is required to separate the training and data symbols.
[y1(k),y2(k), -+ ,ynz(K)]". The noise matrix is defined as|y 5qdition, I, 0's are needed between two consecutive frames
E = [e(0),e(1), - 79(7{\706 + L — 1)], where e(k) = {5 ayoid the inter-frame interference.
le1(k), e2(k), -+ eny (K)]". If N is odd, we can add ondrtual antenna to make it

Clearly z,, (n) is the training symbol transmitted from th€gye s, in what follows, we assunié; is even, without
ny tr%nsmlt_antenna at tma_ynr(k) is the signal received by |5s5 of generality. Lefay,a;} be a pair of complementary
the n," receive antenna at time, polluted by the zero-mean gequences generated by (1). Note that the complementary
and unit variance additive complex Gaussian noise Comﬂonﬁ%perty will not change if we append some 0's to the
en,(k), and p is the expected received signal-to-noise ratiBeginning or end or both sides of the complementary pair.
(SNR) at each receive antLenna. Each subchannel is nonuhahwe define four row vector of lengthV, asu = [ag, o], v =
to have unit power, i.e37, o El|hn, n, (1)[°] = 1,7, ne. [a1,0], ' = [ag,0], andv’ = [a7, 0], whereo = 0,,, and

q= (% —1) (L+1). Note thata, anda; are generated by

2
IV. CONSTRUCTION OFOPTIMAL TRAINING SEQUENCES (1), t|']eref0re’]\/'aC — N+q Based on the properties discussed

When the elements oF in (3) are uncorrelated (spatio-in Sec. Il, {u, v’} and{v, —u’} are mutually uncorrelated.
temporal white noise) and Gaussian, dfids considered as an  The training symbol assignment is given in Table |, where
unknown deterministic matrix, then the maximum likelihoo&,,,1 andx,, » are shown in Fig. 1IT is the forward shift
estimator (MLE) ofH is the same as the least square estimatpermutation matrix of ordeV, [10, p. 27], andxII? shifts

(LSE), given by [7] the sequence cyclically to the right byp elements.
~ 3 When using both preamble and postamble symbols, (3) can
H = /Np/pY X (XXT) ™. ) pe written as

This estimator achieves the CRLB, therefore is efficientl an Y1 Ys] = \/7/NrH[X; Xo] + [E; Ea, (6)

the total mean square error (MSE) E[Hﬁ—HH%} =
where~ is set to%p, as a compensation for insertigg0’s

N+ N 7\—1 . .. .
L (XX ) -In ord(_er.to achieve the ml_nlmum po_ss'into the original+1 complementary sequences, to keep the

ble total MSE under the_ training power con:srtramt, the trin gNR at each receive antenna equapt®@ased on (5) and the

sequences should satisfy the conditidnX* oc I [7][8]. independence oE; andE,, the LSE ofH is given by

To satisfy this condition, the training sequence from each .
antenna has to be orthogonal not only to its temporal shifts N N 2 2
S (X vx? (Y xx] .
t=1 t=1

within L taps, but also to the training sequences from other H=
antennas and their shifts withih taps. SinceX has a block-

Toeplitz structure, it is hard to find such training sequenc@ccording to (4) and Table |, it is easy to show tBat X7 +
[7]'. However, we can construct two training matrices suck,X? = 2NIy,(L+1)- This demonstrates the optimality of
that X; X7 + X,X1 o I, by using aperiodic complementaryour design and simplifies (7) to

sets of sequences of Sec. Il, where the indiggsand [-]-

2
correspond to the preamble and postamble parts of the two- i_ VN7 ZYtXT' o)
sided training configuration, respectively, as shown in Big 2N/ — K

The frame structure is the same for all Tx antennas. The “Gap”

L . ) V. FAST IMPLEMENTATION OF THE CHANNEL ESTIMATOR
The ZCZ sequences [9], mentioned by one reviewer, are dexetlbpsed

on periodic correlations, which are not the focus of thiselet Let us define & x w matrix ,, H that includes the
CIR of all the subchannels betwedf- transmit antennas and
the n!" receive antenna, as follows

Ty, \H Preamble x,, 1 ‘ Gap ‘ Data ‘ Gap ‘ Postamble x,,, » ‘

|1 2 =
H=|HH - 2H|, ©)

Fig. 1. Frame structure fonffh transmit antenna in a MIMO system. ”
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Fig. 2. The fast estimator on thé" receive antenna.

STy [P 2s-1(0) by 2s—1(1) -+ By 2s—1(L) N
where nﬂl e O ez a0 b 2o d )] ey Ny,
Based on (8) and (9), we can write the estimator fgf as

2
~ VN
n H= ’1’; Z StYn,,.,h (10)

T 2NYE
where the two2 x N matricesS; and S, are given by[ 2]
and [—%} respectively, andy,, ;,t€[1,2] is the following
Hankel matrix

ym-,t (0)

Ynot(1) -+ Yn, t(Np+L—N)
Y, = Yn,t (1)

" Yny i (No+L—N+1)

7

ynr,t(N_]-) Yn, t (N) e Ynpt (Nx+L_1)
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Fig. 3. The normalized total MSE of the proposed channel estimend
the minimum CRLB.

virtual antenna is added to mak¥r even, the lastl + 1
values in ,, h, should be discarded, as they do not contain
useful information.

Regarding the hardware complexity, according to Fig. 2,
there ared M + 2 = 4log, N + 2 “€p” units on each receive
antenna. However, there atéN — 1) + 2 “€p” units if (10)
is implemented by the conventional method.

wherey,, 1(k) andy,, 2(k) are the signals received by the

n!" receive antenna at timg, and correspond to the preamble

V1. SIMULATION RESULTS AND CONCLUSION

and postamble, respectively. According to (10), clearlg th In Fig. 3 we have shown the minimum possible CRLB, nor-

structure of the estimator is identical for all the receivenalized byE[||H||%] = NgNr, which is given by

antennas, so we focus on th# antenna in the sequel.
Based on the definitions of8; and Y, : we see
[SIY’nT,l]i,j - EnN:_[)l ai,n?/’rw,l(”""j)i ] € [07 w - 1]1
i € [0,1]. By defining the new indexo = N — 1 —n, we
have[S1Y,, 1]i; = Zg;o @i wYn, 1 (N —1+j—w), where
@iw = aiN_1-w,w € [0, N—1]. So the elements &Y, ;

in (10) are the convolution of, ; with &, and a;, where

NT(LI\J[rl),
versus different SNR levelg, for three different chgnarios.
For each scenario, the simulated total MSE of the channel
estimator in (8),|H — H|/2, normalized by|H]2, is also
plotted in Fig. 3. As the simulation results demonstrate, th
proposed estimator achieves the minimum CRLB. Moreover,
the proposed fast hardware implementation makes it saitabl
for, but not limited to, practical MIMO-OFDM and MIMO-

yn,.,t = [yn,.,t(0)>yn,.,t(1)7"' ayn,.,t(Nm+L_1)];t S [1;2]
Therefore, we can feed the received vegtqr ; into a finite
impulse response (FIR) filter bank (consisting of two FIR

filters), with impulse responses, and a;, to calculate the [1]
15t and 2" rows of S1Y,, 1, respectively. With the same

reasoning,S.Y,,. o can be computed by feeding,, » into (2
an FIR filter bank whose impulse responses @areand —a,.
Based on the above explanation, the elementSaf,,, ; [
andS;Y,,, » can be obtained by four FIR filters. The con-
ventional implementation of each filter needls— 1 complex [4]

adders. In what follows, we introduce a less complex hardI-S]
ware implementation, by utilizing the special structureoaf

proposed training sequences. [6]
In order to convolve the inputy,, ;1 and y,, o with
{&0,a;} and {a;, —ay} to obtain the elements d8,Y,, 1 [7]

and S2Y,, o in (10), respectively, we propose to use the
efficient Golay correlator (EGC) [11, Fig. 2] and the fast &ol
correlator (FGC) [5, Fig. 1]. The efficient hardware scheme t
implement (10) is shown in Fig. 2, wher€l” is the complex
adder, Q)" is the multiplier with one complex input and one
real input, =~ is the delay unit of lengttD, the “Extractor” [10]
discards the first and the lasf —1 elements and keeps thef11]
middle part, and,, h; is the t™ row of »,H, t =12 If one

(8]

&l

UWB systems.
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