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Abstract: As high-speed railway is booming worldwide, the communication system with fast-time varying channel has
drawn great attention. The comb pilot based linear minimum mean square error (LMMSE) channel estimator is proved
to be an effective method for fast time-varying channel estimation. In this paper, the clustered comb pilot-aided chan-
nel estimation for orthogonal frequency-division multiplexing (OFDM) system is discussed, where the time varying
channel is approximated by a basis expansion model (BEM). A modified clustered comb pilot structure is proposed and
justified to improve the estimation performance compared with the clustered comb pilot proposed by Tang. Based on
the complex-exponential BEM (CE-BEM) model, a suboptimal-pilot structure is proposed. In addition, optimal pilot
length is analyzed and simulated with a predefined total number of pilots. The simulation results show that the modi-
fied clustered comb pilot can greatly reduce the estimation error especially with high Doppler spread. The suboptimal-
pilot structure with guard pilot approximation is proven to be competitive. Optimal nonzero pilot lengths for different

Doppler spread are obtained by simulation with a predefined channel order and fixed pilot subcarriers.
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1. Introduction

rthogonal frequency-division multiplexing

(OFDM) has been proven to be an effective tech-
nique to overcome the inter-symbol interference (ISI)
caused by frequency-selective fading. OFDM is also a
spectrum efficient method for the high data rate trans-
mission, and is adopted by several wireless communica-
tion standards, such as mobile worldwide interoperabil-
ity microwave systems for next-generation wireless
communication systems (WiMAX), and 3GPP long-
term evolution (LTE) system. Meanwhile, as high-speed
railway is booming worldwide, mobility becomes an
important factor. Under the high mobility scenario, the
channel is no longer time-invariant during one OFDM
symbol, which results in fast time-varying (TV) charac-
teristics. Thus, reliable channel estimation for such fast
fading channel plays an important role.

For such kind of channel estimation, pilot based
method is particularly important. There are three kinds
of pilot arrangements in OFDM system: block-type pilot,
comb-type pilot, and mixed-type pilot [1-2], as shown in
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Fig. 1. When the channel fades fast, the comb-type
method shows the best performance followed by the
mixed-type, and then block-type. The block-type pilot
can not track rapid channel variation due to the large in-
terpolation error in time domain [3]. When there are
more channel paths, the comb-type method suffers from
an error floor due to limited pilot clusters restricted by
bandwidth. The mixed pilot is a compromise between
block pilot and comb pilot. As a result of high mobility,
the orthogonality of OFDM subcarriers may be de-
stroyed, resulting in more serious inter carrier interfere-
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(a) Block pilot (b) Comb pilot (c) Mixed pilot
Fig. 1 Three kinds of pilot arrangements in OFDM system

(dark square stands for pilot carrier)
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ence (ICI). To reduce the influence of ICI, a clustered
comb-type pilot with zero guard was presented in
Refs. [4-5], where the pilot was clustered in several
groups. Within each group, one nonzero pilot was
placed in the middle with some zero guard on both sides,
called frequency-domain Kronecker delta (FDKD)
structure. This equidistance pulse-shaped pilot arrange-
ment was claimed to be optimal in Ref. [5]. In Ref. [6],
the minimum mean square error (MMSE)-optimal pilot
structure is studied, but the influences of the data sub-
carriers were not considered.

To our knowledge, the optimal length of guard pilot
is not studied as it depends on different channel models.

Common approaches to describing the channel model
are based on physical propagation parameters such as
the path delay, path phases, path frequencies, etc., which
are generally difficult to handle. Therefore, much exist-
ing work uses a basis expansion model (BEM), an effec-
tive model for doubly-selective channel estimation. The
BEM approximates the channel taps by combining pre-
scribed basis functions in the time domain. So far, many
BEM designs have been proposed to model the channel.
The discrete Karhuen-Loéve BEM (DKL-BEM) [7] is
optimal in terms of the mean square error (MSE). DKL-
BEM is in essence a reduced-rank decomposition of the
Doppler spectrum, bathtub-shaped or bell-shaped. Com-
plex-exponential BEM (CE-BEM) [8] is regarded as a
special DKL-BEM with white spectrum. The frequency
channel matrix for CE-BEM is strictly banded and
widely used due to its algebraic simplicity. In addition, a
great deal of attention is paid to polynomial BEM (P-
BEM) [9]. It models the channel taps using a combina-
tion of a set of polynomials with better performance in
the lower Doppler spread than in the higher Doppler
spread.

For the channel estimator, linear minimum mean
square error (LMMSE) has been taken into considera-
tion, while the BEM coefficient vector is independent
of transmitted data and noise. Tang et al. proposed a
suboptimal LMMSE estimator [10], which uses the as-
sumed channel statistic properties but not the real-time
calculation, achieving complexity reduction with sacri-
fices of accuracy.

In this paper, on the basis of the LMMSE estimator
in Ref. [10] and the CE-BEM channel model, clustered
and modified clustered comb pilot structures are intro-
duced, and channel estimation performances of the two
different structures are compared. Besides, a subopti-
mal-pilot structure with guard pilot approximation is
proposed. The guard pilot length and nonzero pilot
length are also analyzed. Various simulation results
and discussions especially for the optimal choice of
nonzero pilot are provided.

2. System model
2.1. CE-BEM channel model

Let us define i (n,/) as the /th channel tap at the nth
time instant, n=0,1,---.N—1. N represents the sam-
pling number for each path, and % (n,/) =0 for /<0 or
[>L—1, where L is the number of channel paths. By
using a BEM model, /(n,/) can be represented as fol-

lows [8]:
0
h(n,l) = Zcq (Db, (n), (1)

where ¢, (1) is the (g+1)th BEM coefficients of the /th
channel tap during one OFDM symbol; b, is the basis
function with size Nx1; Q=2[ f;NT.|, f, is the
maximum Doppler shift and calculated as f, = f,v/c,

f. is central carrier frequency, and 7, is the sampling

period.
The basis function matrix can be written as

B= [bo b1 bq]’ B= [B,,,q ]N><(Q+1)'

For CE-BEM, complex basis function is used as the
basis:

B, - exp[j%‘[q—%j]. @

2.2. OFDM system model

We consider an OFDM system with N subcarriers.
To avoid inter symbol interference (ISI), cyclic prefix of
L., isadded. L, is chosen to be equal to or greater than

the channel’s maximum delay. Throughout the paper,
only one OFDM symbol is considered. The time-domain
transmitted signal x can be written as

x(n) —LEX(k)exp(jz—nknj
JN = N )
n=-L ,—L,+1,--,N-1. 3)

After removing the cyclic prefix, the received signal
can be represented as

y(n)= Liih(n,l)x(n -D+wm), n=01,---N-1, (4)

where w(n) is Gaussian noise in time domain with zero

mean and variance N,.
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Then a discrete Fourier transform (DFT) is performed
and the received signal in frequency domain ¥ is ob-
tained:

Y(n) = Fy(n) = Fh(n)F" X (n) + W (n), (5)

where F is an N point unitary discrete Fourier trans-
form (DFT) matrix:

1 2n
F=[F, 1y~ F,, :ﬁexp(—JWPCJJ;

the transmitted signal in frequency domain X = Fx; h

is time domain channel matrix h=[h, ], Wwith
h,,=h(p,mod(p—gq,N)); and W(n) denotes channel

noise in the frequency domain.

The frequency domain channel matrix can be written
as H = FhF". For time-invariant channel, H is diago-
nal. When the channel is time-varying, however, H is
no longer diagonal with energy spread out to the whole
frequency band, but primarily neighboring subcarriers.
Thus H can be approximated as banded which coin-
cides with the property of CE-BEM.

Combined with Eq. (1), we can rewrite the time do-
main channel matrix A as

Qo
h=">"diag(b,)C,, (6)

where C, is a circulate matrix formed by [¢," 0--- 0]

€0 o - 0 ¢, .
C Co 0 e 0 0 ¢,
C, =\ 0
0
0 e e Cyo
Substituting (6) into (5), one can obtain
0
Y =) Fdiag(h,)C ,F"X +W =
q=0
0
D" Fdiag(b,)F"diag(F,c,)X +W =
q=0
0
Fdiag(b, )FHdiag(X)Fch +W, (7
q=0

where F, stands for the first L columns of matrix.

2.3. LMMSE estimator

In this paper, the LMMSE estimator [10] is adopted

under two assumptions: (1) the BEM coefficients matrix
c=[c,' ¢' --¢,']" is independent of data and noise,
and the data is also independent of noise; (2) data is

zero-mean, white, with variance and uncorrelated with
the noise.

In the following discussion, we define M® to be a
sub-matrix of M which collects the elements corre-
sponding to the pilots, while M® collects the elements
corresponding to the data in M. The received signal
corresponding to the nonzero pilot can be expressed as

YO =AY AV +d +W = De+d + W, (®)

where the first term Dc represents signal from pilot, the
second term d is the interferences from data, W is

Gaussian noise, D= AP AP, d=A949,

AV = I, ® (diag(X")F),

0+1
() (]
Ao,l AQ'1
® _14®T PTT _ : :
AP =[A"" - AV ] = . Do, 9)
(] ()
AO,M AQ,M

AP is sub-matrix of A, A, = Fdiag(h )F", which
collects rows corresponding to nonzero pilots in the mth

cluster and columns corresponding to all pilots. A

gm
collects rows corresponding to nonzero pilots in the mth
cluster and columns corresponding to data. For more de-
tails, please refer to Ref. [10].

The LMMSE estimator treats ¢ as a stochastic vari-
able. We seek a linear filter ¥ such that the MSE be-
tween the estimated BEM coefficients and the true BEM
coefficients is minimal:

V = arg min trace{E{(VY® —c)(V¥Y? —¢)"}} =
RD"(DRD"+R,+R)" =
RD"(DRD"+R))", (10)

where R, R,,and R} represent the covariance matrix

of ¢, d,and W™ respectively. d carries the channel in-

formation ¢ , so extra task is needed for LMMSE esti-
mator in [10] compared with LMMSE estimator in [11].
In this paper, we treat interference as stochastic variable,
and focus on the statistical property of ¢ and d.

First we start with the coefficient of the /th path BEM,
¢, . The autocorrelation matrix can be calculated as

R, =E{ccy=B Eh(n.)h" (mD}B™,  (11)

where E{h(n,I)h" (m,I)} is determined by the Doppler

spectrum. In this paper, Jakes model [12] is employed:

E{h(n D) i (m,1)} = J, 2nf,(n—m)T.). (12)
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Then R, can be written as
R =R, ®R,,
1

where R, describes the correlation due to channel’s fre-
quency selectivity. We take the notation in [13],

R, =diag[0'g 0-12 "'O-L271:|7 (13)

with o7 =™,
With the help of resolved R,, we can derive the co-

variance matrix of interference term d:

Rd - E{ddH} — E{A(d)A(d)ccﬂA(d)HA(d)H} —
AVE{AVec ANy A = (14)
AYR 4WH

where

R, = E{49c" 4"} =

E{(I,., ® diag(X ) (I

0+1 0+1 ® diag(X(d) ))H} b

with y =

0+1 ® FL(d) )Rc (I

b BF).

As aresult,

R, - olxl,., if mod(m—n,N— ML,)=0,
0 others.

Then substituting R, R,,and R into Eq.(10), ¢

can be estimated as ¢ =Y ®.

3. Clustered comb-pilot and modified clus-
tered comb-pilot

The effective method for TV channel estimation is to
insert comb pilots at transmitter. Let’s consider a fre-
quency domain clustered comb pilot. That is, M pilot
clusters are inserted to each OFDM symbol with the
length L +2L, for each cluster, where L, is the length

of nonzero pilot in each cluster, while L, is the length

of zero guard at each side.

As discussed in Refs. [5] and [10], in each pilot clus-
ter, only one nonzero pilot is inserted and several zero
guards added on each side to separate the data, known as
FDKD. While in a high-mobility scenarios, the fast TV
channel matrix in frequency domain is non-diagonal,
which leads to ICI. The guard pilot could decrease ICI
impact. This kind of clustered comb-pilot is thought to
be optimal in Ref. [5]. But for the channel estimation,
only nonzero pilots are considered in the calculation of
BEM coefficients. Too many guard pilot subcarriers is a
waste of spectrum, as ICI mainly comes from the

Frequency
L,=1 L=

L, l L, Data L, l L, Data
X](p) X(p)

(a) Clustered comb pilot [10]

Frequency
L,>1 L,>1
L, | Data L L, | Data
X xo

(b) Modified clustered comb pilot

Fig. 2 Clustered and modified pilots

neighboring subcarriers [14-15]. Based on the clustered
comb pilot, the structure of each cluster is modified by in-
serting more nonzero pilot and deleting some zero guard
pilot in each cluster, as shown in Fig. 2. With the same
pilot number, the modified structure has more nonzero pi-
lots, which means more received pilot symbols.

Nonzero pilot of each pilot cluster is denoted as

® _ —
me _(XRW ,XRﬂJrla""XpﬂﬁLp,l), m—l,Z,--~,M,

where P, stands for the position of the first nonzero pi-
lot of the mth cluster. The clustered comb pilot in [10]
takes L, = Q0. According to the former analysis, in the

CE-BEM model based estimation, 4, is strictly banded
and is an identity matrix but shifted by ¢—Q /2 col-

umns, indicating that the ICI comes from the neighbor-
ing Q subcarriers. Thus, for LMMSE estimator based

on the CE-BEM, the theoretical value should be O/ 2,
since only the neighboring QO subcarriers produce ICI.
In Ref. [12], while f,, = 0.9, nearly 90% of the ICI
comes from the first neighboring subcarrier. Table 1
shows the interference of the kth subcarrier from the
(k—Dth subcarrier and the (k+1)th subcarrier under

different normalized Doppler spread.

Table 1 Energy percentage of ICI from the first neighboring
subcarrier

Normalized Doppler spread Energy percentage of ICI (%)

0.1 62
0.3 65
0.5 72
0.9 89
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In Table 1, the normalized Doppler spread is defined
as f,, = f,I.N, and TN is the duration of one OFDM
symbol.

Considering the ICI mainly from the first neighboring
subcarrier, to simplify the comb-type pilot, L, can be
set to 1 at the sacrifice of a bit of accuracy, but with an
increased spectrum efficiency.

For the modified clustered comb pilot, multiple non-
zero pilots are inserted into each cluster. To find the op-
timal nonzero pilot length L, the number of pilots

should not exceed N, and the channel estimator re-

quires D to have full column rank [16]. Thus a neces-
sary condition is that D should be tall or at least square,
or the number of equations should not be less than the
unknowns to be estimated, that is,

M(L,+2L,)<N, (15)
M(L, +2L,)> L(Q+1). (16)

In addition, based on the channel identifibility, there
exists

N
0+1

To minimize the estimation MSE, for LMMSE esti-
mator,

L<M< (17)

st - e -0 1)
trace{(DHRle+R;1)il}~ (18)

For an optimized comb pilot, M and L, should be

chosen to minimize the MSE. It is difficult to find out a
closed form of optimal nonzero pilot length L for each

cluster or the number of clusters M. But fortunately
with inequalities (15), (16) and (17), exhaustive search
can be avoided.

From the above discussion, it is noted that pilot clus-
ter length and the number of pilot clusters are all related
to Doppler spread. In this paper, the number of basis
functions, QO +1, and channel delay, L, are fixed and

invariant with Doppler spread, producing the same
bounds on the number of pilot clusters. BEM order Q

varies with different Doppler spread, thus the bounds on
three comb pilot parameters: nonzero pilot length, zero
guard pilot length, and the number of clusters, varies
with Doppler spread. As a result, the optimal pilot
length for each cluster will vary with Doppler spread.
Besides, if clustered comb pilot is inserted adaptively
depending on different Doppler spreads, the estimation
performance can be improved.

4. Simulation results and analysis

Table 2 shows the simulation parameters used in this
section, and the power of data and pilot is set to 1.

In the simulation, the total number of pilot
subcarriers is set to be the same for both comb pilot
structures. Fig. 3 shows the estimation performance.
With a high Doppler spread, the performance of
clustered comb pilot structure [10] seems to be invariant
with SNR, due to the dominant constraint of ICI. It is
clear that in high Doppler spread scenario, such as
fuq =0.8, the modified clustered comb pilot has much

lower MSE compared with the clustered pilot structure,
with MSE decreased by 78% when SNR is 35 dB and
MSE decreased by 63% when SNR is 5 dB. While under
lower Doppler frequency, it is a bit complicated.

When SNR is less than 13 dB, the structure in
Ref. [10] seems better; when SNR is greater than 13 dB,
however, it’s opposite. The reason is that for low Doppler
frequency channel, ICI is not dominant, and noise is the
main constraint to the performance. The comb pilots in
Ref. [10] are placed more dispersedly in frequency
domain, and thus has better performance in low SNR.

Table 2 Simulation parameters

Parameter Variable Value
Carrier frequency F.(GHz) 2
FFT size N 256
Length of CP Lep 30
Channel order L 6
Sampling rate T (s) 10
BEM order (0] 4
Pilot carrier number N, 64

100 I
10-1 I
g f
= AN\V Z:S\ 77777777
2 L ' ! Y
107 E o Modified comb pilot f, ;=0.8¢:
—*— Comb pilot £, ;=0.8 [10]
—v— Modified comb pilot f,,=0.1} T
10 JRY V— Fomb pil?tfndzo,li[]O]
5 10 15 20 25 30 35
E,/N, (dB)

Fig. 3 Comparison between modified structure and that in
Ref. [10]
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For high SNR, the modified structure decreases MSE by
46%. Thus, the clustered comb pilot and modified
clustered comb pilot can be adopted adaptively
depending on SNR, when the Doppler spread is low.

As discussed in Section 3, for CE-BEM based chan-
nel estimation, L, is set to be Q/2=2 theoreti-

cally [17]. As shown in Fig. 4, the performance under
approximated L, is comparable with that of theoretical

L,. When the normalized Doppler spread equals 0.1,

the performance degradation with guard pilot approxi-
mation is slightly greater than the degradation under
normalized Doppler spread 0.8. This result coincides
with the ICI distribution in the first neighboring subcar-
rier in Table 1.

To obtain the optimal nonzero pilot length for the
modified clustered comb pilot, simulation is made, and
the results are shown in Fig. 5. We adopt the approxi-
mated guard pilot, that is, L, =1, and for different L,

we choose different cluster number M to keep the total

100 sl ::::::::::::!::::::::.l:Z::::Zj.:::: st
-—o°— Theoretical guard pilot f, d=08
L " "—— With approximation f ;=0.8 "
—
10-1 oz
m
2]
=
102
—a— With approximation f,,=0.1
O I R N N
5 10 15 20 25 30 35
E/N, (dB)

Fig. 4 Comparison of MSE performance between guard pi-
lot approximation and theoretical one

10! g

100 &

MSE

10! E

1 2 3 4 5 6 7 8

Length of nonzero pilot Lp per cluster

Fig.5 MSE performance vs. nonzero pilot length L, for
different Doppler spreads (SNR is 20 dB)

number of pilots the same or very close, to guarantee the
same spectrum efficiency. According to the previous
analysis, M > L. We take L =6 in this paper, which is
the same as that in [10]. Thus, 8 is the maximum of L .
The simulation results show that the optimal value of
L, locates in the interval of 3—6, which is in the middle

of the of L, When f,=0.1

and f,, = 0.3, the optimal nonzero pilot length is 4, as

possible range

shown in Fig. 5. For the other three different normalized
Doppler spreads, the best MSE performance is obtained
if nonzero pilot length L, is 6.

5. Conclusions

In this paper, a modified clustered comb-type pilot is
proposed and is compared with the clustered comb-type
pilot in [10]. The simulation results show that the modi-
fied pilot help MSE of estimation decrease, especially in
high Doppler spread scenarios. When Doppler spread is
low, the performance is improved when SNR is bigger
than 13 dB. Besides, the energy percentage of ICI from
different subcarriers is discussed. For the CE-BEM
model based LMMSE estimator, an approximation of
guard pilot is made to simplify the pilot. Then under the
constraint of cluster number and nonzero pilot length
constraint, the optimal clustered comb pilot is studied by
simulation with a predefined total pilot subcarrier num-
ber. For the given example, when L =6, it is concluded

that the optimal nonzero pilot length L, locates in the

interval of 3—6, which is in the middle of the possible
range of L . The optimal nonzero pilot length varies

with Doppler spread. The clustered comb pilot structure
can be chosen based on Doppler spread or SNR. With an
appropriate pilot cluster length, the estimation perform-
ance under high Doppler spread may be better than that
in low Doppler spread scenario. The clustered comb pi-
lot and modified clustered comb pilot can also be
adopted adaptively depending on SNR when the Dop-
pler spread is low.
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