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Abstract— A maximum-likelihood (ML) channel estimation
and preamble design rules for the multiple-input-multiple-output
(MIMO) channels are described when orthogonal frequency
division multiplexing (OFDM) is employed with null subcarriers
at both DC and high frequencies. The ML channel estimator
in the time domain is derived assuming the knowledge of
the maximum length of channel. To reduce the mean square
error (MSE) of the estimation, three design rules are proposed:
orthogonality between the preambles of different antennas, or-
thogonality between the circular shifted preamble sequences, and
the condition that the number of subcarriers is larger than
the maximum length of channel multiplied by the number of
transmit antennas. In addition, we prove that the use of Golay
Complementary Sequence (GCS) for preamble limits the peak
to average power ratio (PAPR) by 3dB although there are null
subcarriers at high frequencies. Numerical results shows that the
MSE of the proposed method approaches that of optimum ML
estimation when the number of null subcarriers and maximum
length of channel are small.

I. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) sys-
tems have been applied to the wireless communications due to
their robustness to multipath fading and the high bandwidth ef-
ficiency. Multiple transmit and receive antennas are combined
with OFDM to improve the capacity and reliability of com-
munications [1]. As multiple-input-multiple-output (MIMO)
OFDM systems exploit diversity combining and coherent
detection, channel estimation becomes more important as the
number of antennas increases.

In single-input-single-output (SISO) OFDM systems, the
least square (LS) estimation in the frequency domain is
generally used for the preamble-based channel estimations.
Although the complexity of the LS estimation is small, the
mean square error (MSE) of the estimation is relatively high.
In order to reduce the MSE, the time-domain ML channel
estimation (TCE) is considered in [4] for SISO-OFDM sys-
tems. In MIMO-OFDM systems, the minimum mean square
error (MMSE) channel estimation in the frequency domain
is considered in [2], which requires the channel statistics. In
practical OFDM systems, DC subcarrier is not used due to
DC offset problem and subcarriers at high frequencies are
not used to avoid adjacent channel interference [5],[6]. In [3],
the effect of null subcarriers to the frequency-domain channel
estimation is considered. In addition, the peak to average
power ratio (PAPR) of the preamble sequence should be kept
small to avoid the non linear distortions, which is considered
in [7] by using Golay Complementary Sequence (GCS) for
the preamble sequence [8],[9].

For the frequency-domain LS channel estimation of MIMO-
OFDM systems, the preamble sequence of each transmit
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antenna should use a different set of subcarriers. Thus, the
MSE of the frequency-domain LS channel estimation increases
significantly as the number of transmit antenna increases be-
cause the estimated channel coefficients are interpolated in the
frequency domain. To avoid the interpolation, the estimation
duration is increased. On the other hand, the time-domain ML
channel estimator (TCE) does not suffer from the interpolation
error, so it can reduce the estimation duration.

In this paper, a maximum-likelihood (ML) channel estima-
tion and preamble design rules are described when MIMO-
OFDM is employed with null subcarriers at both DC and high
frequencies. To reduce the MSE of the estimation, three design
rules are proposed: orthogonality between the preambles of
different antennas, orthogonality between the circular shifted
preamble sequences, and the condition that the number of
subcarriers is larger than the maximum length of channel
multiplied by the number of transmit antennas. In addition, we
prove that the use of Golay Complementary Sequence (GCS)
for preamble limits the peak to average power ratio (PAPR) by
3 dB although there are null subcarriers at high frequencies.
Numerical results shows that the MSE of the proposed method
approaches that of optimum ML estimation when the number
of null subcarriers and maximum length of channel are small.

II. SIGNAL MODEL

MIMO-OFDM systems considered in this paper are shown
in Fig. 1. At each transmit antenna, the data is modulated
by inverse fast Fourier transform (IFFT) and a cyclic prefix
(CP) of length v is added. To avoid intersymbol interference
IS, v > L — 1, where L is the maximum length of each
channel. The system has N7 transmit antennas and Ny receive
antennas. We assume a frequency-selective channel, which
remains unchanged during at least one OFDM symbol.

Using the preamble sequence X/, in the frequency domain,
the preamble sequence is allocated at subcarriers where the
subcarrier index is the component of the position set p‘. In
other words, the position set p' of the tt" transmit antenna
indicates the location of the preamble sequences. Given Np
transmit antennas, the time-domain transmit signal at the ¢*
transmit antenna is expressed as

1 = 2mnk
t t .
Tn = 7= Z Xk exp (.7—>
\/N k=0 N
nonzero

X;;{O

Here, the index, k denotes the k' subcarrier.

(D
k€ pt
otherwise.
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Fig. 1.

MIMO-OFDM Systems

Given Np, receive antennas, the time-domain received signal
at the r'" receive antenna after removing the cyclic prefix is
given by

Np—1L-1

yr = Z Z Tl tyoa M 0<n<N—-1 (2)
t=0 (=0

where h!" is the channel parameter between the t*" transmit
antenna and the " receive antenna. The indices n and [
indicate time and channel, respectively. N is the preamble
length and equal to the IFFT size because we assume that the
estimation duration is one OFDM symbol. 7, is assumed to
be additive white Gaussian noise (AWGN).

Eq. (2) can be written in matrix form as

y=xh+n 3)

where y = [y0 y1 yNR_l], y' = [?/6 (VIR y?qu

and the superscript [-]7 indicates transpose. x is a N x LNp

matrix
X = [XO xt .. xNT_l] 4
t t t
l"g th—l TN_L+1
’ T To 7 TN-L+42
xt = ) } . . &)
t t t
Tny_1 TnN-2 TN_L

and h is the time-domain channel matrix with dimension,
LNT X NR
h0o hot hO(NR—l)
h1o hit hl(NRfl)
h = . ) ) . (6)

h(NT.71)0 h(NT.71)1 hNr—1)(Nr-1)

where h'" = hi" rt JT. Finally, n =

0 1 T
M n and 0" = [ng 0y - my_q]" ds
a zero-mean white Gaussian vector with covariance matrix
C, = E{n'n""} = U%IN where I is the N x N identity
matrix and the superscript [-]? indicates Hermitian transpose.

[n
NRfl]
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In the frequency domain, channel matrix with dimension,
NNp x Npg is defined as

HO(NRfl)
H(Nr-1)

HOl
Hll

HOO
HlO

HNr—)(Na—1)

(7

where H'" = [H{" H{" --- HI_,]" is the frequency channel
vector between the ¢ transmit antenna and the r* receive
antenna. The relation between h*” and H'" is

H(N}—l)o H(N}—1)1

H" = W, h'" ®)

where [Wp], , = exp (—j254), (N x L).

III. ML CHANNEL ESTIMATOR

A. Derivation of ML Channel Estimator

Given h, the conditional probability density function is
given by

A = — e exp { = L7 {ly - xly — i}
(7e?) %

€))

where T'r{-} denotes the trace of a square matrix. The ML

estimation of h can be found by maximizing eq. (9). This is

equivalent to minimizing the log likelihood function:

Ap (ylh) = Tr {[y —xh|"[y —xh]}. (10)

Since Ay (y|h) is a convex function over h, the estimation

can be obtained by choosing h that satisfies the following
condition

OAL (y|h)

oh

This condition implies that the ML channel estimate is given
by

=0. (11)

h= (XH )71 xy. (12)

B. Performance of ML Channel Estimator

In this subsection, the MSE of the time-domain ML channel
estimator (TCE) is derived as the performance measure. Since
the channel equalization is performed in the frequency domain,
the MSE of TCE is converted into that of the frequency-
domain channel. Then the preamble condition that minimizes
the MSE is derived.

From eq. (3) and (12), the MSE of TCE is given by

MSE}, rce = ﬁE [T’“ { (b~ h)H (h-n) H
— e BT () e (1) )]

0.2

= LJ\ZT Tr{(xHx)_l}

13)
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Using eq. (7), (8) and (13), the MSE of TCE over frequency-
domain channel is given by

MSEp tcE = mE [Tr { <H — H)H (H - H) }]
] Np—1Np—1

I TT{(fltr —nn)" (e - h”)}]

t=0 r=0
Tr { (XtHXt) 1}

In [4], the optimum preamble condition was derived for
TCE in SISO systems. Similarly, in MIMO-OFDM systems,
the optimum preamble condition to minimize the MSE (13)
or (14) is

E

2 NTfl
DY
N

t=0

(14)

N

XHX = N—TILNT
if the sum of power of the preamble sequence in each transmit
antenna is constant (i.e., 2:)1 |X{|? = N/Np, Vt €
{0,1,--- , Ny — 1}). The preamble condition (15) is the
extension of the preamble condition in [5] for SISO-OFDM.
Employing the optimum preamble condition (15), the MSE of
TCE is given by

15)

N

MSE; g = WTUE, (16)
LN

MSE® g = TTag (17)

As the number of transmit antenna increases, both MSEZP %OE

and MSE%)‘tTCE increase because total transmit power is
assumed to be the same regardless of the number of the

transmit antennas. Note that MSE%’tTCE is L times larger than

MSE;": ., because the noise is increased L times through
FFT.

IV. PREAMBLE DESIGN RULE

In this section, we develop the optimum preamble criteria
for time-domain ML channel estimation (TCE) in MIMO-
OFDM considering null subcarriers in DC and high fre-
quencies. The preamble design rule is derived considering
two optimization criteria: minimizing MSE of TCE (17), and
reducing the PAPR of the transmit preamble sequence. Then,
an example of preamble design according to the proposed rule
is presented for a case of four transmit antennas.

The optimum preamble condition (15) imposes the orthog-
onality between any of two columns selected from x:

N
xfx = —In, =

Nr
H_, | N/Np (18)
Xi=19 0

y (t=r) & (i=3)
¢ otherwise

where x! is the ((t41) x (i+1))*" column vector of x, indicat-

ing the i*" circular shifted sequence of the t** transmit antenna

in the time domain. In practice, this condition imposes the

orthogonality between not only antennas but also the delayed

sequences in each transmit antenna. By allocating different
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subcarriers to different antennas, the orthogonality between
antennas can be obtained. Specifically, the orthogonality is
satisfied if the preamble of transmit antenna is mapped at
subcarriers following the equi-spaced position set:

pqu E{tat+NTa"' 7t+(N/NT7 1)NT}5
vte{0,1,--,Np—1}

For the orthogonality between the circular shifted
sequences, the preamble components of each transmit antenna
should have the same magnitude and the preamble length N
should be greater than LN . These properties are summarized
in Theorem 1, which will be proved in Appendix I. In OFDM
systems, it is not difficult to overcome the limitation about
N because the maximum length of channel, L is shorter than
the cyclic prefix, which is commonly shorter than N/4 [5],[6].

19)

Theorem 1: Let X! be the preamble sequence of the t*"
transmit antenna mapped at the equi-spaced position set pgq.
N denotes the IFFT size and the number of transmit antenna
Nr is the same as the spacing in the equi-spaced position set.
The number of preamble components at pféq becomes N/Nr,
and the transmit sequence in the frequency domain is

X'=[X; 0 X/ y, O 17 (20)

where 0 = [0 --- 0], 1x(Np—1). Let x} be the time-domain
sequence when X* is the IFFT input and x! be the i*" circular
shifted sequence of x}. Then,

|X}| = 1 (constant), Vk € pl,
N > L x Nt

t
0 Xt+N—NT

. 2D
t _J N/Nr i=j
7710 otherwise. W

In practical OFDM systems, the subcarriers at DC or high
frequencies [5],[6] cannot be used because DC subcarrier is
not used due to DC offset problem and subcarriers at high
frequencies increases adjacent channel interference. In other
words, the subcarriers that are the components of the position
set Pnyy are not used where p,,,; is defined as follows:

p"u”E{\0,7NU/2+17NU/2+27"' aNflfNu/Q}
DC

tH
— x x

High Frequencies

(22)
where NN, denotes the number of used subcarriers. Due to
the null subcarriers, the orthogonality between the circular
shifted sequences cannot be maintained because the condition
in Theorem 1 is sufficient and necessary. As a suboptimal rule,
we allocate the preamble sequences to the subcarriers which
belongs to pzq that are not either DC or high frequencies. In
other words, the allocated subcarriers which belongs to the
position set (p%, — Pnuu) are employed for transmitting the
preamble sequence. The MSE increase of the preamble design
is negligible when L and null subcarriers are small, which will
be evaluated numerically.

In practical OFDM systems, a low PAPR sequence should
be used as the preamble. In [7], it is shown that GCS can
be used to construct the sequence with PAPR less or equal
to 3 dB. In this paper, we propose that GCS can be used
as the preamble of all the transmit antennas except the 0"
transmit antenna even though null subcarriers are used at
DC and high frequencies. This is summarized in Theorem
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2, which will be proved in Appendix II. According to the
proof of Theorem 2, GCS at the equi-spaced positions can
have a low PAPR (< 3dB ). But the preamble of the 0"
transmit antenna cannot be mapped at equi-spaced positions
due to the null at DC subcarrier. Therefore, GCS cannot be
used as the preamble of the 0" transmit antenna. For the
0" transmit antenna, any low PAPR sequence which is not
GCS can be used as the preamble. There exists many GCSs
with certain length, 2210°267(a, 3,7 > 0) [9]. In [8] and
[9], GCS with length 2AB or AB can be constructed from
Golay Complementary Pairs with length A and B. Therefore,
the lowest-PAPR GCS can be used as the preamble sequence
among many GCSs.

Theorem 2: Let a,b be the equi-powered Golay Comple-
mentary Pair with length M which is assumed to be equal to
the number of all the elements of (piq — Prull)-

a= [a07 A1, 7aM71]T
- (23)
b = [bo, b1, ,br—1]
c is the IFFT-input vector, composed of a at (péq — Prull)
and null subcarriers in other positions where 1 <t < Np — 1.
Similarly, d can be generated from b.
CcC = [DC aM/20 00’1\/{71
Hish--- a0 --- 0 ans/oq1 --- 1%
g 0 M/2—1 ] (24)

d=[DC --- bM/20 - 0bpeq -
High -+ by 0 -+ 0bpr/ay ...]T
where 0 = [0 --- 0], 1 x (Nr —1). Let e and f be the IFFT-

output vector when ¢ and d are the IFFT inputs, respectively.
Then,

PAPR[e, f] < 2.
PAPR is defined as
max { P}
PAPR[e| = —— "=
E[PgIn]

where Py is the instantaneous power of ¢,,.

Summarizing the properties, we can obtain the preamble
design rule as follows:

Preamble Design Rule: The preamble sequence in the
t*" transmit antenna consists of the equi-powered GCS at
(p‘éq — Pnuit) and null subcarriers in other positions. The
preamble length N should be greater than LNt and we use
GCS which has the lowest PAPR among many GCSs. For the
0" transmit antenna, the preamble sequence can be found
through the exhaustive search considering a low PAPR as the
criterion.

{X}k € (piq — pnu”)} : Golay Complementary Sequence,

Vte{1,2,--- ,Nyr — 1}, subjectto N > LN
(25)

An specific example is shown using the above rule. It is
assumed that the IFFT size N = 64, the number of transmit
antenna Nt = 4 and the number of used subcarriers N,, = 40.
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Fig. 2. MSE of optimum bound and preamble design

At first, the position set in each transmit antenna is given by

qu — Prut ={4,8,---
P(lgq — Pnur = {1,5,-++,17,45(—-19
P’y — Prut = {2,6,- -
qu — Pnunt = {3,7,---

Considering the equi-powered preamble condition, binary
phase shift keying (BPSK) signaling can be used. According
to the constraint about /N, the maximum length of channel
L should be less than 16. Specifically, GCS with length 10
is used as the preamble components at (p'éq — pnu”) except
t=0.

{Xl];“f S (péq - pnull)} = {va o 7G€)7Gt07"' aGEL}
{Gilk=0,1,---,9} ={1,1,1,1,1,-1,1,-1,-1,1}
vt € {1,2,--- ,Np — 1}

(27)

The preamble sequence achieves a low PAPR of 2.489 dB.
Through the exhaustive search, the preamble sequence of the
0" transmit antenna is found. The sequence with a low PAPR
of 2.041 dB is given by

{GRlk=0,1,--,9y ={1,1,1,1,-1,1,1, 1,1, -1} (28)

Although the preamble sequence of the 0" transmit antenna
is used as that of the ' transmit antenna, a low PAPR of
2.041 dB cannot be obtained since the preamble sequence
of the 0" transmit antenna does not have the equi-spaced
positions. In this example, fortunately, the preamble sequence
of the 0" transmit antenna with a low PAPR can be easily
found because the number of preamble components is small.
But, the search time will be exponentially increased as the
number of preamble components is large. On the other hand,
GCS can be easily found using the generation rule [8],[9] even
if the length is large.
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V. NUMERICAL RESULTS

Fig. 2 shows the MSE of the proposed preamble design
using 100 or 120 subcarriers out of 128 available subcarriers,
i.e., N, = 100 or 120, and N = 128. The number of transmit
antenna N7 is two, and the number of receive antenna Np
is one. The channel is assumed to be rayleigh fading without
correlation in antennas and have the equal gain profile. The
dashed line indicates the MSE of the optimum bound (17) and
the solid line denotes the MSE of preamble design. From Fig.
2, the MSE of the preamble design is near optimum (< 0.5
dB) in N, = 120, Ny = 2 and L < 24. In addition, as N,
decreases and L increases, performance degradation becomes
larger. The performance depends on N,,, N and L. When N,,
equals to IV, the MSE of preamble design is exactly the same
with the optimum bound regardless of Ny and L. However,
as N, decreases, the degradation of the MSE becomes larger
as L or Nt increases.

VI. CONCLUSIONS

In this paper, a ML channel estimator in the time-domain
was derived in MIMO-OFDM systems. Considering the MSE,
null subcarriers at both DC and high frequencies, and a low
PAPR, the preamble design rule was proposed. For a low
PAPR, it was proved that the use of GCS for preamble limits
the PAPR by 3 dB although there are null subcarriers at high
frequencies. Numerical results have shown that the MSE of the
proposed method approaches that of optimum ML estimation
when (N — N,) and L are small.

APPENDIX |
PROOF OF THEOREM 1
The " circular shifted sequence x! is given by
x! = WS, X! (29)
where W is a normalized IFFT matrix and S; =
. _ omi 21r(N 1)i tH ¢ .
dzag(l,eJN,-~- eJ . Then, x;™ x5 is
xtxt = (Ws;x') " ws; X!
N/NT ! 2mp(j—1i)
_ -3
- Z |X t+pNr ’ N/NT
p=0
N Np—1 .
/ o ‘ t+PNT| ’ t=7
N Nr-1 .
= / "X | ( li = jl = a(N/Nr)
_ wp(j—1i
N/NT Y t+pNT| ITN/NT | otherwise
(30)

where 0 < 4,5 < L—1 and ¢ is a positive integer. For eq. (30)
to become zero when i # j, the case of |i — j| = ¢(N/Nr)
should not occur and ’Xt S pNr ‘ should be constant for all p.
To avoid the case of |i — j| = q(N/NT) N should be greater
than LNp. Therefore, the necessary and sufficient condition
for x; Hx 0 when ¢ # j is that |X k\ is constant for all
ke pl, and N is greater than LNp.
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APPENDIX I1
PROOF OF THEOREM 2

In N-point IFFT, the index, k (> N/2) is equivalent to the
index, k — NN. Using this property, the n'” element of e can
be written as

M—-1

1 2n
e = Z aye’ N (t—(M/2+p)Nr)
o 2m(t MNp/2) M=1 xapny (31)
Y e
p=0
Vte{1,2,--- ,Npr — 1}
The instantenous power of e,, is given by
M—-1M-1
27rn N
Pe NZZaPaeJ (p—a)N1
p=0 q=0
ML g,|2 mnlulNg G2
p=0 P =T

+ % > Callul)e™

u#0

where C,(|u]) is an aperiodic autocorrelation function defined
by

- N

M—1—|u|

>

p=0

Ca(lul) = -M+1<u<M-1 (33)

*
ApQptfuls

Similarly, Pf is generated from b. Using the definition of GCS
2(Ju]) + Cy(|u|) = 0), the sum of P and Pf becomes

Zﬂigl |ap‘2+|bp|2 22 | p|2
PS4+ pPf— ¢ (N ) N (34)
Since P£ >0 and PS> 0, PAPR of e and f are given by
max { PS
PAPR[e] = ﬁ <2 -
PAPR[f] = max (P}
E [Pfin]
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