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Abstract—We consider pilot sequence designs for channel major drawback of the impulse pilot is that its high peak-to-
estimation in doubly-selective channels (DSC) which are miteled  ayerage power ratio (PAPR) may result in degradation of the

using the basis expansion model (BEM) approach. We propose y,nqmission power efficiency, hence reducing the trarsaris
to use pilot sequences (instead of impulse pilots) to reduce the '

peak-to-average power ratio (PAPR) of the transmitted sigal.  range [10].

Specifically, by analysing the mean square error (MSE) metd

of the BEM channel coefficients, we propose the use of Huffman o T e T adaee T
sequences to reduce the PAPR during channel estimation. Fur HHI HHI I ‘NNL I
thermore, we show that a systematic re-arrangement of the pt ~ ____ || || eolee! ! | | Llee oo |-l _lee . 00--3
sequence within the transmission frame can significantly improve 1=

the channel estimation performance of the system, as comped < ZEROS >

tO the COnVentiOnal periodic pllot placement. A Transmission block consisting of 3 sub-blocks

Fig. 1: A transmission block consisting of three sub-blgckach containing a time-
[. INTRODUCTION domain Kronecker delta (TDKD) pilot cluster. Each impuls®tpis surrounded byL
3 . ) . zeros on both sides, whete denotes the number of multi paths.
In wireless communications, often we need to deal with

time-varying channels in which the notorious Doppler shift
s/spreads (frequency dispersiveness) are caused by movi
transmitters, receivers, or signal reflectors [1]. Funttare,

In this work, we considesequencéased pilots for CE in
RsC- This allows us to spread the power of the impulse pilots
In conventional schemes over a number of pilot samplesgther

multipath propagation leads to high frequency selectititye by reducing the PAPR of the pilot. Specifically, we propose th

dispersiveness) [2]. Such channels with high Doppler argéla use of Huffman sequences as substit_utes for impulse p'dm_ts f
multipaths are referred to as doubly selective channel<C|DS CE. Moreover, ba\_sed on our ana_lly5|s, We propose a suitable
Due to the large dispersion in the time and frequency domairfirangement of pilot sequences in the transmission frame so

channel estimation for the DSC becomes a very challenginH1at the MSE of CE is further improved.
task. The rest of the organization of the paper is as follows. In

Various methods for channel modeling and estimation OfSection I, we pr_ovid_e the system model O_f data transmis_sion
DSC have been proposed in the literature [2]-[7]. A commorF‘nd _channel estimation for DSC. In Sectl_on I, we pr_owde
approach adopted in these papers is the modeling of DSC usiif§ails of the proposed sequence based pilots for chartel es
the BEM in which the time varying channel of each multipath Mation and the pilot placement strategy. Simulation resarie
is expressed as a weighted combination of appropriate basggowded in Section IV and conclusion is given in Section V.
functions such as exponential [2], [3], prolate [8], polymeal II. SYSTEM AND CHANNEL MODEL
[9] etc. _Smce these bas!s functions are already known, thg System Model
receiver just needs to estimate the weights of the basesor th . . . .
so-called BEM coefficients. Since BEM coefficients are much Ve consider transmission over a DSC with one transmit an-
lesser in number, the channel estimation problem is greatl§fNNa each at the transmitter and the receiver. A data sequen
simplified as we no longer need to estimate each channdi[®] of IengthN_ IS trans_mltted at a rate 0% symbols/s over.
coefficient. the DSC. The discrete-time baseband equivalent of thevedei

We consider single-carrier (time-domain) data transrorssi symbol at then" time instant can be written as:
and adopt the exponential basis functions for modeling the

single-carrier DSC. In most of the current works on single- L
and multi-carrier transmissions, pilots need to be inserte y[n] :Zh[”;l]x[n—l]JrU[n]’ (1)
in the transmission block periodically to sample the time 1=0

varying channel so that the BEM coefficients can be estimatedhere h[n;l] denotes the discrete-time equivalent baseband
appropriately. However, in all these worlspulsebased pilots  representation of the DSC, which subsumes the physical mul-
are used for channel estimation (CE) as shown in Fig. 1. Aipath channel together with the transmit and receive pulse



shaping filters,l denotes the! multi-path, L denotes the
number of multi paths and is given d = |™ze=]| with

where the first and last. elements of the pilot cluster are
set to zeros (as shown above) so as to avoid the inter-symbol

Tmaz being the maximum delay spread of the channel, andnterference between the data and the pilot symbols across
v[n] denotes the circularly symmetric complex additive whitethe sub-block and the main block [2]. In the above, note that

Gaussian noise (AWGN) with[n] ~ CN (0, 02).

N, = 2L + M, where M is the length of the sequence we

We adopt a block transmission design where the pilotvish to design2L comes from thel. zeros on either side of

symbols are multiplexed with the data by suitably placirenth

in the block, as shown in Fig. 1. In Fig. 1, the transmission

the sequence. For “impulse” pilod/ = 1 and N, = 2L + 1.
In our proposed approach, unlike [2] and other existing

block consists of three sub-blocks, each containing a ddata s Works, the non-zero pilot cluster in the middle bf, i.e.,

block (shown in black) and a pilot sub-block (shown in red). [by.L, -,

B. Channel model

by, L+Mm—1] is asequencef length M, instead of an
impulse as shown in Fig. 2. The motivation behind using a
sequence as pilot is to reduce the PAPR of the transmittet pil

The channeh[n;[] is modeled using the CE-BEM [2] where We define the PAPR of a time-domain lengthsequencé
the I*" tap of the channel at the” time-instant is expressed with elements{b,,} as [11]:

as a weighted combination of the complex exponentials bases

functiong, and is given as:

Q

=" gD + eln), ®)

q=0

h[n;l]

wherew, denotes thg!* BEM modeling frequencyy, (1) (¢ €
{0,1,...,Q}) denotes theg’” weight or theq¢®” BEM co-
efficient corresponding to th&" (I = 1,...,L) path, and

[bn

max
0<n<N-—1

N-1
(1/N) X [baf?

From (4), the PAPR of the impulse pilot (see Fig. 1), is
2L + 1. Clearly, by spreading the pilot power over multiple
symbols of a sequence, we can reduce the pilot PAPR. How-
ever, while using sequences as pilots, one has to ensura that
reduced PAPR of the pilots won't result in performance loss

PAPR(b) = (4)

Q := 2[ fmaxNT] denotes the number of BEM coefficients, in channel estimation. In this paper, we show next that we can

fmaz being the maximum Doppler spread. Finallf] denotes

use Huffman sequences as the pilot clusters for reduced PAPR

the modeling error for the above CE-BEM. From (2), it seemsand good channel estimation performance.

that a higher@ can result in better approximation of the

BEM to the actual channel and the modeling error is reduced.

However, for practical wireless channels, simply incregs)
cannot reduce the channel modeling error significantly.

In many existing works, the modeling frequenay, is
taken to be uniformly distributed betwejr%vﬂ(TQ), z(9)]
with equal spacing between them, and are givenvas=

Z(g—%), ¢ € {0,1,...Q} [2], [3]. Again, for practical

n n+M-1 n, n +M-1

,._'__* Jl L. .HHL.H_I _

Fig. 2: A transmission block consisting of three sub-blo@ach containing a data sub-
block (black) and a sequence-based pilot cluster (red)h Eaquence pilot is surrounded

Channels this results in Iarge modellng errors. Therefor@y L = 2 zeros on both sides, wheiie denotes the number of multi paths; denotes

in this work, we use the BEM modeling frequencies,X
mentioned in [5], where thev,’s are uniformly distributed

the “start” position of the lengti sequence in theé!” sub-block.

between—27 f,,45T, +27 fmaeT], and provide a much better g Estimation of BEM coefficients

channel modeling.

II1. PILOT DESIGN AND CHANNEL ESTIMATION
A. Pilot design

We assume that the data-pilot multiplexdd” trans-
mitted block consists of P sub-blocks, with the p'"
sub-block consisting of a data vector sub-blosk and
a pilot vector sub-blockb,, and is given asx =
[sT(k),b¥(k),...,sL(k),bL(k)]T, Vk. Specifically, the pilot
cluster in thep sub-block can be written as:

by = [bp0, s
set to zeros

=1[0,0,..0,,by 1, ...,

by, (L—1)sbp,Ly s Op LM —1,0p LMooy by (N, 1)

set to zeros

T
bp,L+M—1,0,0,...0]", (3)
1 Note that different bases can be used to model the channelasuihie most
popular Fourier bases [6], prolate bases [8], polynomiakbd9], each having
its own advantages and drawbacks.

Using (1) and (2), the received signal can be written in
matrix form as:

y =Hx+v, (%)

whereH = "2 (D, H,, D, = diag[l, e/, ..., e/ (N-1)],
and H, is a lower triangular Toeplitz matrix with first col-
umn [h,(0), ..., he(L),0,...,0]7, andv consists of the AWGN
components, i.ey[n| defined in Section II-A. Due to the zero-
padding on both sides of the pilot sequence, (5) can be glearl

- segregated into separate data and the pilot equatipnar(d

yp respectively) with corresponding channel matrigégs and
H,, and noise vectors, andv,, as shown below:

ys = Hgs + vy, (6)

= be + Vi, (7)

wheres £ [s7,...,s%], andb £ [bY ... bE]7T.



Focussing on channel estimation, we can write (7) as:
Dq,lHq,lbl

Yb:Z :

=Y D, pH, pbp

where D, , and H, , correspond to the sub matrices from
D, and H, (shown below (5)). SpecificallyD,, (¢ €
{0,1,...,Q}, p € {1,2,..., P}) for the ¢** BEM frequency
and thep'” sub-block can be written as:

+ Vy, (8)

eIwa(np) 0 0
0 edwq(np+1) 0
Dgp = : : . : ’
0 0 ej"-’q("p“‘Np_L_l)

9)

wheren, € {1,..., N} denotes the start position of thé"
non-zero pilot symbol in the transmission block (see Fig. 2)
Next, define a pilot matriB,, as

bpyL bp,O

(10)

vaprl bp.,prLfl
then, it can be verified thak, ,b, = B,h, [2]. Denoting
hy 2 [hg(0), ..., he(L)]", andh = [, ..., h{]", we can

finally write the pilot equation (8) as:

yy = Ph + v, (12)
where® is defined as:
Dy, 1B, Dg.1B:
: _ , (12)
Do rBp Dg,rBp

From (11), the MSE channel estimation of the BEM coef-

ficient vectorh is given as:
h=(1/a))(T" +(1/0))2"®) ' By,

where the BEM correlation matrik = E{hh’} is assumed

(13)

to be known at the receiver. The channel estimation MSE is

then given as:

MSE £ tr(T™ + (1/02) @ ®)71). (14)

Now, in order to minimize the MSE, we need to design the

sequenceb,, (or B,) so that the MSE matri® @ is diagonal
or close to diagonal [12]. At this point, it is important totao
that @7 ® is perfectly diagonal only if periodic placement of
pilot is done, the transmission block lengh is an integer

For more accurate BEM modeling of the channels as in [5],
generally the off-diagonal elements cb” & are non-zeros.
Therefore, we aim for pilot designs such that the off-diagjon
elements are reduced in magnitude, possibly to a very small
value. Next, we can expani”’ ® as:

P
> B'D{iDq:B;

=1

-
> B{'DiiDq:B;
i=1

P
> BiD{iDy;B;

1=1

-
S BFDIED;B;
=1

P
Y- BI'D{iDo;B;

=1

-
S BFDEDyB;
=1

P
S BFDE. DB,

1=1

P
Z BfIDHz‘DQiBi

=1
(15)
From (15), diagonalizing the MSE matri&’ & is equiva-
lent to solving the following two equations:
P

. :
B/'D{,Do:B;
=1

1=

P

> BID{DyB; =Y BIB, =PI, (16)
=1 i=1

P
ZBFDgquNBl = 07 q1 # q2, (17)
1=1

where P denotes the power allocated to the pilot sequence
in the transmitted block. Clearly, (16) shows that tRepilot
sequence$b;, by, - -, bp} should form a complementary set

of sequences [13] having zero aperiodic autocorrelationssu
Indeed, if we use Golay complementary pairs (GCPs) [14]
as pilot sequences every two consecutive sub-bfoois)

is satisfied. However, such GCPs cannot ensure (17) can be
always satisfied. At this point, we note that (16) can also
be satisfied by sequences with impulse-like autocorrelatio
functions. Thus, we propose to use Huffman sequence as
another potential sequence candidate which satisfies A6).
interesting property of Huffman sequence is that its ajpkcio
autocorrelation sequence is almost impulse-like with zé&le-
lobes at all shifts except at the last one [15]. An autocati@h
example of a length-Huffman sequence is shown in Fig. 3.
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Fig. 3: Autocorrelation function of a Huffman sequence afgth-5.

From the Huffman autocorrelation property, we observe

multiple of the number of sub-blocks, and the BEM frequencythat for lengthA Huffman sequences, zero autocorrelation

w, is uniformly distributed between 2 (<2), % (%)), ie.
wg = Z(q— %), q € {0,1,...,Q}. However, for practical
channels (such as Jakesy), = 2% (q — %) can not model the
channel accurately (results in large modeling errors), tand
perfectly diagonal MSE matrix is not possible, leading t@ipo
CE.

sidelobes can be observed for up(f§ —2) shifts. Thus, if we
have a DSC with, multipaths, we have the main diagonal sub-
matrix BEB; in (16) of size(L+1) x (L+1) (can be verified)

2 For example, consider the GCRg, g2, and a data transmission frame
consisting of4 sub-blocks. Then, the transmission frame can be reprasente
as [s1,81,52, 82,3, 81,54, 82]7, where [s;,g;]T denotes a sub-block
comprising a data vectas; and a pilot sequence vectgy;. Also, note that

in this case,P should be even.



which should be a scaled identity matrix (see (16)) withero  main diagonal in (15). Thus, in order to make the off-diadona
elements in every row. Therefore, we need Huffman sequencesatrix values small, we can form the following optimization
of length at leas(L + 2). For example, for number of multi problem.

paths, L. = 3, we need a length-Huffman sequence pilot

P
cluster, denoted a®;, by, bs, b4, bs]”, and the overall pilot min eiBaaxs| YA
By : ; ;41,92 €40,..,Q}, 1 # .
cluster is given ad = [0,0,0, by, by, bs, by, bs,0,0,0]7. np Vp pz::l waxs 41,42 € { ha#
The explicit generation of Huffman sequences has not been (P1)

mentioned in this paper, and interested readers are rdferre
to [15]. It is worth noting that we may have several Huffman
sequences that satisfy (16). Since our objective is to ethe
PAPR of the pilots, therefore, we choose the Huffman seqienc

\|’_|V't?f low PAPR. From [tth} It ngpbs §eentthat seatrctr_ung Iflorthel'he first constraint implies that the “starting” non-zerdopi
utiman sequence with low IS hot computationa yex'symbols of two different pilot clusters should be separated

penswe.The details are omitted from this paper. Itis wprih by at least(L + M) (see Fig. 2 for reference). The second

ing that we use the same Huffman sequence based pilot CIUSt@ nstraint arises from the fact that the “last” non-zeratpil

i - i T
in all the sub-blocks, i.€[01xr,bzr,....,br+ar—1,01xL]", Vp symbol in the last pilot cluster should be followed byzeros.

(seg (3))'H & lied as the pilot h We assume that the BEM modeling frequencies are equi-
nce Huliman sequences are appliec as the piiots, one %Baced (the analysis is valid otherwise also), Ae= (wq, —

gee?:;lziége;tntgzoff—d|agonal sub matrlcgs elements %) (1 Wa, ) = (wgy —wg, ), @and so on. Then the problem (P1) can be
gnitude (zero matrices in the best case). A\Uritten as:
interesting observation is that we can design the sequences '
sequence matriceB,; to satisfy (16) whereas we can design .
the matricesD,; separately to satisfy (17). Thus, choosing 5{531;
Huffman sequences to satisfy (16) does not affect the design

criteria in (17) which we discuss next.

Note that the sub-matrix Fg, 4
S BIDY DB (1 # ¢2) in (15) is a(L+1) x (L+1)
matrix, and it can be verified that there @esuch sub matrices
in the first row of (15) which determine all the equations of
(17). Thus, we need to analyse only thesub matrices in the
first row of (15). On analysingach elementf the sub-matrix
Fo oo (1 # @), ¢1,42 € {0,...,Q}, we get the following
equations:

s.t. |np—np/|Z(L—|—M),p7ép/
np+M< (N—-L+1).

P

E ejnAnp

p=1
s.t. Constraints in (P1)

, ke{l,...Q}. (P2)

L

In the above optimization problem, fer = i, magnitude

minimization is performed for thé" off-diagonal sub-matrix

in the first row of (15). By minimization of 25:1 eIrAT ||

we can reduce the off-diagonal elementsbdf &, and thereby,

aim to minimize the MSE of the channel estimation error by

diagonalizing the matrix. It can be noted from the objective

in (P2) that the pilot positions in the sub-blocks provide
P L+M-1 . ‘ phase rotations(sum of exponentials), and the sum of the

Pargs(T) = Z Z by bied Sna (et L) e 0T phases should be minimized in order to minimize the channel
p=1 =L estimation MSE.

(18) An alternative approach for pilot placement design would
wherepg, g, (1) = [Fg1.0]1.7, 1-€., thert™ (7 # 0) element of be to directly minimize MSE iq (14) py_ chan_ging the pilot
the first row of F,, 4,, and Ay 4, = (wg, — wg, ). Now, for p05|t|0ns.[5], [16]. How_ever, direct minimization WouI(_tI b_e
7 =0, (18) can be expanded as;,,,(0) = com_putatmnally expensive [5] due to tr_]e costly matrix in-
version operation involved for large matrices. The comipjex

L " is further increased due to the integer-programming ireelv
* JA n * JA JA n : h i ]
bLbLZe 192" + b7 41 brre? T Ze e in the problem. On the other hand, by minimizing just the
p=t » p=t magnitude sum of exponential cost functions in (P2), no imatr
(M — ; [ i tion is involved and thus the search conitylex
" by (M1 Ag, Bayaan 19 inversion opera : conigle
TOL4m—10L 4016 t 2;6 " (19) is greatly reduced. Moreover, our approach gives insigtat in
=

the problem on how the channel estimation can be improved
It can be verified that ilel;l eIBaa)in p, .. (0) in (19)  using phase rotations obtained by changing the positiohef t
becomes zeroy,,,,(7), 7 # 0 also become zeros. However, pilot sequences within the transmission block.
we need to make thg,, 4, (0) to zero for allg, ¢, i.e., for all It is noted that (14) is a multi-objective optimization prob
the sub matrice¥®,, .., (©1 # ¢2), @1,92 € {0, ..., Q}. lem (sincex = 1,...,Q) with ) objectives that need to be
From (19), we note thap,, 4, (0) (equivalently, the off- simultaneously minimized by changing the pilot positiolts.
diagonal sub-matrices) may be reduced by changing theplacé possible that while we optimize the objective for= 1,
ment of the pilot,n,, without disturbing the identity sub it may increase forx = j, j # i. Thus, the desired MSE
matrices (due to the Huffman sequences in (16)) along thebjective in (14) may not be actually minimized. However,



we can obtain a low-complexity sub-optimal MSE minimizing in each sub-block (Note th&f = 99 as mentioned before). For
solution by making use of the problem in (P2). To obtainthe impulse pilot’'s case, sub-blocks are considered, with each
a low-complexity sub-optimal solution, we can evaluate)(P2 sub-block consisting of4 data symbols and (one impulse
for eachx = 1,...,Q, and then compare the optimized MSE pilot surrounded byl zeros on either side) pilot symbols,
metric (obtained using (14) for each of tiipilot placement totaling to a block length N = 63.

solutions obtained by solving (P2)) with the MSE obtained by
the traditionalperiodic pilot placement, and then choose the
pilot placement with the minimum MSE.

Note that although the above approach does not give the S
optimal solution, it provides a very low-complexity appcba -
to channel MSE minimization which performs better than the
periodic pilot placement proposed in existing works. Thus,
by using an appropriate pilot sequence and low complexity
pilot placement design, we can improve the channel MSE
significantly, as shown next in the numerical results.

-10 —*—Impulse pilots (Time-domain Kronecker delta or "TDKD" structure )
K-ﬂ- Huffman sequence pilots, periodic pilot placement
~ OB Huffman sequence pilots, semi-optimized pilot placement

IV. SIMULATION RESULTS

In this section, we discuss the simulation results for the - = - p
proposed low PAPR sequence based pilot design for channel SR (dB)
estimation for DSC. The DSC is of orddr = 3, i.e., four
multi paths are considered and the normalized Doppler dpreeg

fmazT for the fast fading channel i8.005. Each channel ) hat for th i h ff
tap is modeled as an i.i.d. random variable correlated in From Fig. 4, note that for the same pilot power, the Huffman

time according to Jakes’ model with the correlation funetio S€AUENce pilqts provide better channel .estimatior_l in, Wieido
given as.Jo (271 finasT), Where Jy is the zeroth-order Bessel mid SNR regions, as compared to the impulse pilot's case, but
function of the first kind. The transmission block length &t s with a lower PAPR 08.68 as opp(_)sed G for the impulse pi-

to be N — 99 symbols for the proposed Huffman Sequence_lot._Fgrtherr_nore, our prop"ose.d pilot placement strategyris
based pilots (aiso referred to as “sequence pilots”), ang th CPtimized pilot placement” (with the Huffman sequencesjo
number of BEM coefficientsQ = 2[ f,nae N7 = 2. We also provides significantly better channel estimation compéced

compare the channel estimation results with the case WhekﬁOt_h the impulse as well as the sequence pilots with _tra_t_tﬁtio
impulse pilot (“TDKD" pilot structure) is used for channel perlodlc pilot placement. For the pilot placement optintizza

estimation (see Fig. 1) [2]. The number of sub-blocks (fchbo in our current simulations, we have used a low-complexity

sequence and impulse pilots scenario) is chosen to be threg2PProach by optimizing the position of the pilot in the first
= 1 in (P2), ie.,

The average channel gain for each multi path is assumefUSter (sub-block) only and foR,,q, €
to be —— so that the overall channel gain is unity. Similar to 107 the nearest off-diagonal sub-matrix, and yet significan

L+l Qerformance improvement can be observed.

ig. 4: MSE performances of the Huffman sequence basedgslign with and without
ilot placement optimization.

[2], the signal to noise ratio (SNR) is defined as the averag
SNR (averaged over all the data and the pilot sub-blocks in V. CONCLUSION
the transmission frame), and is given %%W, where

Pr is the total power over the entire transmission block and In this paper, we have studied sequence designs to reduce

o2 is the noise variance, an! is the number of sub-blocks the PAPR of the pilots used for channel estimation of dou-

- . . . o
within the transmission frame. We make sure that the numbel?Iy sel_ectlve fading channels. Using channel estimatioorer
analysis, we have suggested the use of optimized Huffman

of pilots is sufficient so that the number of equations is more the desired pilots for ch | estimatiothd?
than the number ofQ+1)(L+1) unknown BEM coefficients. sequenbces 33 € desire Ipl_o s or;]: annet es |m3 10 url
The transmission efficiency is assumed to be/3, i.e., the more, based on our analysis, We nave proposed a very low-

data symbols constitut&.67% of the transmission frame. For cor_nple.xity pilot placement strategy to improve Fhe ch_aqnel
the transmission scenario of sequence-based pilots, wenass eﬁtltmaltmn perftormance, as compared to conventional gierio
that 35% of the total transmission power is allocated to theP!'0t Placement.

pilots whereas the rest is given to the data. For fairness of ACKNOWLEDGEMENTS

comparison, same pilot power is considered for the impulse
pilot based transmission also.

Fig. 4 shows the channel estimation MSE plot obtaine
using the proposed pilot designs. For the sequence pilass,c
we have used a Huffman sequence of lengtfor the pilot
cluster in each sub-block, with zero padding on either side of
the Se_quence' ThL.JS, t_he overall pilot cluster length in eath 3 Note that for impulse pilot's case, we need block length= 63 symbols
block is11. To maintainy = 2/3, 22 data symbols are placed to maintainy = 2/3.

This work was supported by the NRF-NSFC project under
dGrant NRF2016NRF-NSFC001-089. The work of Z. Liu was
also supported in part by National Natural Science Foundati
of China under Grant 61750110527, a Research Fund for
International Young Scientists.



(1]

(6]

[7]

9]

(10]

(11]

(12]

(13]
(14]
(15]

[16]

REFERENCES

J. Wu and P. Fan, “A survey on high mobility wireless commitations:
Challenges, opportunities and solutionigEE Accessvol. 4, pp. 450—
476, Jan 2016.

X. Ma, G. B. Giannakis, and S. Ohno, “Optimal training fbfock
transmissions over doubly selective wireless fading chkinlEEE
Trans. Signal Processvol. 51, no. 5, pp. 1351-1366, May 2003.

G. Leus, “On the estimation of rapidly time-varying cimats,” in Proc.
IEEE European signal Processing Conference (EUSIPCSgpt 2004,
pp. 2227-2230.

F. Qu and L. Yang, “On the estimation of doubly-selectifeding
channels,"[EEE Trans. Wireless Commuwol. 9, no. 4, pp. 1261-1265,
April 2010.

T. Whitworth, M. Ghogho, and D. McLernon, “Optimized ining
and basis expansion model parameters for doubly-selecthannel
estimation,” IEEE Trans. Wireless Communvol. 8, no. 3, pp. 1490-
1498, March 2009.

J. K. Tugnait, S. He, and H. Kim, “Doubly selective chahastimation
using exponential basis models and subblock trackihgEE Trans.
Signal Process.vol. 58, no. 3, pp. 1275-1289, March 2010.

Z. Sheng, H. D. Tuan, H. H. Nguyen, and Y. Fang, “Pilot opgation for
estimation of high-mobility ofdm channelslEEE Trans. Veh. Technol.
vol. 66, no. 10, pp. 8795-8806, Oct 2017.

T. Zemen and C. F. Mecklenbrauker, “Time-variant chdrestimation
using discrete prolate spheroidal sequencHsEE Trans. Signal Pro-
cess, vol. 53, no. 9, pp. 3597-3607, Sept 2005.

H. Hijazi and L. Ros, “Polynomial estimation of time-yang multipath
gains with intercarrier interference mitigation in ofdmssms,”|[EEE
Trans. Veh. Technolvol. 58, no. 1, pp. 140-151, Jan 2009.

A. Goldsmith, Wireless Communications Cambridge University Press,
2005.

S. Hu, Z. Liu, Y. L. Guan, W. Xiong, G. Bi, and S. Li, “Sequee
design for cognitive cdma communications under arbitrggctrum hole
constraint,”IEEE J. Sel. Areas Commuymwol. 32, no. 11, pp. 1974-1986,
November 2014.

S. Ohno and G. B. Giannakis, “Capacity maximizing mrogémal
pilots for wireless ofdm over frequency-selective blocklemh-fading
channels,”IEEE Trans. Inf. Theoryvol. 50, no. 9, pp. 2138-2145, Sept
2004.

C.-C. Tseng and C. Liu, “Complementary sets of sequehd&EE
Trans. Inf. Theoryvol. 18, no. 5, pp. 644-652, Sep. 1972.

M. Golay, “Complementary seriesRE Trans. Inf. Theoryol. 7, no. 2,
pp. 82-87, Apr. 1961.

P. Fan and M. DarnellSequence design for communications applica-
tions Research Studies Press, 1996.

J. Oh, J. Kim, and J. Lim, “On the design of pilot symbots bfdm
systems over doubly-selective channel§EE Commun. Lett.vol. 15,
no. 12, pp. 1335-1337, Dec. 2011.


https://www.researchgate.net/publication/332434784

