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Abstract—This paper investigates pilot design for enhanced coefficients need to be estimated, the number of pilot symbols
channel estimation in single carrier communication systems over required for CE is significantly reduced, thereby increasing

QOuny-seIective channels (DSC). Our contribution i§ twofold: the spectral efficiency. Thus, the BEM-based approach greatly
first, we propose to use Huffman sequences as pilot clusters ) !

with low peak-to-average power ratio (PAPR), yet with good simplifies the CE complexity compqred to the case when we

channel estimation performance when periodic pilot placement Nneed to estimate the channel coefficient at every time/frequency

is adopted; second, we propose a low-complexity pilot placement instant.

strategy based on the analysis of the complex-exponential basis Different types of BEMs have been used to model

expansion model (CE-BEM) of the DSC. The latter leads 10 he fime varying channels, for example, the conventional

improved channel estimation performance with useful insights . .

for pilot placement. complex-exponential BEM (_(_ZE-BEM) [2], generalized CE-
Index T Doublv-selective ch s ch | estimati BEM (GCE-BEM) [3], non-critically sampled CE-BEM (NCS-
ndex Terms—Doubly-selective channels, Channel estimation, ) ; B ;

Huffman sequence, Pilot design. CE-BEM) [17]_, polynomial BEM [14], [18]-[20], discrete

prolate spheroidal BEM (DPS-BEM) [6], [21], and Karhunen-

Loeve BEM (KL-BEM) [22]. Among all these, KL-BEM pro-

) vides the most accurate modeling but requires the knowledge

) ”_1 recent_years, the_;re has be_en a surge of rgsegrch INteregtchannel statisticsvhich also needs to be periodically updat-

in high mobility and high rate wireless communications, suched for the fast time-varying (high Doppler) channels. All other

as wireless communications for the high speed trains (HSTQ4g\vs are independent of channel statistics, and therefore,

[1]-[4]. These wireless channels tend to suffer from both time—may be more suited for modeling the time-varying channels.

and freql_Jency-seIecj[ivity incur_red by Doppler and rnl_“ti'p""thFor example, P-BEM is particularly attractive because of its
propagation, respectively, leading to the doubly-selective chang, modeling errors, especially in the low-Doppler cases [18].

nels (DSC). Qhannel egtimation (CE) in DSC is a challenginq\lotamy’ CE-BEM and its variants, GCE-BEM and NCS-CE-

task [1], and is the main focus of this work. . BEM are also widely used due to their analytical tractability
In the literature, various channel modeling and estimation,31 we consider NCS-CE-BEM because of its good channel

methods have been proposed for the DSC, both in the Come?ﬁodeling with less number of BEM coefficients for high

of _smgle-carrler [2]-[7] as well as mult|-carr|er_ communi- Doppler scenarios, as well as due to its ease of tractability.
cations [8]-[16]. In many of these works, basis expansion |, y,q literature, various techniques have been proposed

models (BEM) have been used to parameterize the channgls, cg in psc, which comprise pilot-aided, blind as well
which can be represented as a weighted combination of onlys somi-pjind estimation methods. Blind or semi-blind CE

a few basis functions [13]. The basis functions are already,pniques, respectively, require no or minimum pilots for CE,
known to the receiver, anq _therefore it r_leeds to estimate threesulting in greater spectral efficiency (SE) as compared to
corresponding BEM coefficients only. Since only few BEM o pilot-aided techniques [24]. Recentigliable data-aided
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In this papet, we address pilot-aided CE for single-carrier man sequences can be systematically generated by efficient
(SC) communication over DSC. In most of the existing worksalgorithms [36], [37].
on pilot-aided SC transmission, impulse-based pilots or time-
domain Kronecker-delta (“TDKD”) pilot clusters have been
employed for CE. lllustration of the TDKD pilot clusters bt

Pilot Pilot Pilot

can be seen in Fig. 1. These pilots, however, suffer from I H
high PAPR during transmission which could lead to inefficient NHL L llsoloel ) looloe-p
transmission [30], as described next. Since there are very few 2

impulse pilots (with zero padding on both sides of the non- « >
. . . . B : . ATransmission block consisting of 3 sub-blocks

zero pilot) in a transmission block, high power is given to ?
the pilots to obtain a reasonably good channel estimate. F@#gy. 1: A transmission block consisting of three sub-blookach containing a time-
examp|e as high as 35%-50% of the total transmission powé’Pmam Kronecker delta (TDKD) pilot cluster. Each impulse pilot is surrounded. by

! i . ) zeros on both sides, wheie denotes the number of multi-paths.
should be allocated to the pilots to obtain the optimal CE and _ _

Third, based on the CE MSE analysis, we propose a

maximum system capacity [2]. This leads to very high power :
per pilot symbol, which in turn, can drive the transmitter powerpIIOt placement strategy to reduce the inter-BEM frequency

amplifier into its non-linear operating region, thus degradindnterference during BEM coefficients’ estimation, thus leading

the CE quality. Notice that PAPR problem may arise in sclo significantly improved CE performance. In the past, several

systems due to other reasons such as modulation and pulddlCt Placement strategies have been proposed but these meth-

shaping [31], but here we consider the PAPR problem arisin&ds gen_erally suffer from prohibitive_ly high_ computation_al
from the impulse-based TDKD pilot structure. complexlty [38]. For example, a genetic algprlthm based pilot
We address the above problem by proposing a sequencBOSitioning strategy has been proposed in [38] whereas a
based pilot scheme where the training power is distribute@€Uristic strategy has been mentioned in [17]. In contrast
over multiple sequence symbols (instead of a single non-zer§ eseé works, our proposed method uses a low-complexity
symbol as in the TDKD pilot structure), leading to low PAPR optimization without any complex matrix inversion operations.
pilot transmission. However, while spreading the pilot powerAISO' our proposed S”ategy IS based on a systgmatlc analysis
over a sequence, we need to ensure that the zero out-of-phe@(ethe CE MSE, and u_nvells Important connections between
aperiodic auto-correlation (OP-AAC) property of the impulsetN® CE MSE and the pilot design process.
pilots is preserved so as to obtain a good CE quality. Note that | 1€ rest of the organization of the paper is as follows. In
periodically-placedclustered pilots orsequenceiave been Section Il, we introduce the system model_ofdata transmlsslon
investigated earlier for the multi-carrier systems under rapidly’jlnd the channe! model for DSC. In Sect!on I_”’ we describe
time-varying channels [32]-[35]. However, our work is very the sequence pilot structure apd the estimation of the BEM
different from the existing works because we intend to uséoefﬂments for the DSC. In Section IV, we analyze the channel

a specific type of sequence with zero OP-AAC property toestimation in deta_il, and provide a simplified appro>_<irr_1ation
safisfy a particular CE optimality condition for single-carrier ©f thé channel estimation error. Based on the analysis in Sec-
DSC. Moreover, based on our analysis, we have also optimizetbOn IV, we propose the_Huﬁman sequence bas_ed p|Iot_deS|gn
the pilot positions to improve the CE quality. and a low-complexity pilot placement strategy in Section V.

First, we analyse the CE mean square error (CE MSE?lmuIatmn results are provided in Section VI and conclusion

for SC transmission in detail, and show that good qualityS 9Iven in Section VII.
CE can be obtained by using sequences with zero OP-AAC Notations Throughout the paper, upper and lower bold face

H ; T *
property, together with appropriate placement of the pilotéetters denote matnx and vector, respectivaly., X andX_
within the transmission block. Using proper sequences angenote the conjugate_ transpose, transpose_and the conjugate of
suitable pilot placement, respectively, we can reduce wwohe matrixX, respectivelyX ~! denotes the inverse operation

types of interferences during the BEM coefficients’ estima-O" the square matriX. [X]; ; denotes thei, j)-th element
tion, namely, the inter-path interference and the inter-BEMO! the matrix X. #r[X] qinotes the trace of the matri%l.
frequency interference terms, which improves the CE qualit)lx](iaﬂ andx; denote the row_of the ma_trlxX, and thez_
significantly. element of the vectox, respectivelyE{-} is the expectation
Second, to satisfy the zero OP-AAC criterion, we specifi-Oper?tor' Ly, OMleand O deqote theV > N identity
cally propose the use of Huffman sequences as potential pildfarix, & zero matrix of dimensiod/ x N and a length-

sequences. Huffman sequences are appealing, not only becadde 2870 Vector, respectivellC (0, z) denotes a circularly

of their excellent AAC property, i.e., zero OP-AAC for all symmftric complex normal variable with mean 0 and variance
except the last shift, but also because they offer flexible PAPRS: (a)* = max(a,0) .
while still maintaining zero OP-AAC. Thus, we can choose a
Huffman sequence with low PAPR and yet having zero OP-
AAC for a required number of time shifts. Furthermore, Huff- A- System Model

We consider transmission over a DSC with a single antenna
1 Part of this work has been presented in the conference paper [29]. each at the transmitter and the receiver. A block-based trans-

Il. SYSTEM AND CHANNEL MODEL
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mission design is adopted, where the data-pilot multiplexed Ill. PILOT STRUCTURE AND CHANNEL ESTIMATION
symbols (see_ Fig. 1) are transmitted and received in bIock;\_ Pilot Structure

of length N, i.e., [z[1],z[2],...,2[N]]T, wherez[n] denotes ) ) ,

the transmitted symbol at the” time-instant. The transmitter W& assume that the data-pilot multiplext transmitted
sends the data[n] at a data rate of% symbols/sec, where block consists o sub-blocks, with the!" sub-block consist-
T denotes the symbol time. Then the discrete-time basebarl@d Of & data vector sub-block, and a pilot vector sub-block

representation of the received signah] is given as b,, and is given as
x & [s{ (k), bl (k),...,sE(k),bE(K)|T, Vk.

L
yln] :;h[n;l]x[n_l]Jrv[n]’ (1) Specifically, the pilot cluster in the!” sub-block can be

o ) ) _written as
whereh[n;[] denotes the digital baseband time-varying multi-

path channel impulse response (CIR), which subsumes tHe, = 0,05 -3 bp,(L—1) bp,Ls e bp, Ly M—1, bp, L s By (v, — 1)
physical channel between the transmitter and the receiver, the  — wrwraoros =L o 26108
transmit as well as t_he recei\_/e pulse shaping filters, f'mthe =[0,0,...0, by e, by 14211, 0,0, 0T, (4)
time instant for an impulse introducédsamples previously,
L denotes the number of multi-paths definedZas- | Zze= |, where the first and the lagt elements of the pilot cluster are
with 7,,,4, being the maximum delay spread of the channel, an@et to zeros (as shown above) so as to avoid the inter-symbol
v[n] denotes the circularly symmetric AWGN, with statistical interference between the data and the pilot symbols across the
distribution of CA/(0, o2). sub-block and the main block [2]. The length of each pilot
cluster isN, = 2L + M, whereM is the length of the pilot
sequence we wish to desigd/. comes from the zeros on
B. Channel Model both sides of the sequence. For “impulse” piléf, = 1 and
N, =2L+1.
Unlike [2] and other existing works, the non-zero pilot
symbolsinb,, i.e.,[by 1, ..., by L+m—1] IS asequencef length
[ 2ty M, instead of anmpulse An example of such pilot sequence
htiT) = /;oo Sm(r,v)er v, ) has been shown in Fig. 2. The motivation behind using a
sequence as pilot is to reduce the PAPR of the transmitted
d pilot. Formally, the PAPR of a time-domain lengifisequence
b with elements{b, } is defined as [41]:

T

A DSC can be represented in the continuous tie(
delay{) domain as

where Sy (7, v) denotes thepreading functiorof the channel
in the delay{)-Doppler’) domain [39]. The digital baseban
version of the CIRh[n; ] (see (1)) can then be modeled using

the CE-BEM [2] or its variants such as NCS-CE-BEM [17], max |b,|?
where the channel at thé" delay tap and the'" time-instant p(b) = % (5)
is expressed as a combination of a few complex exponential (1/N) 3 |by|?
basis functions, i.e., n=0
Q From (5), the PAPR of the impulse pilot shown in Fig. 1
hin;l] = Z hy(1)e?e™ + e[n], (3) is 2L+ 1. Clearly, by spreading the pilot power over multiple
q=0 elements of a sequence, we can reduce the pilot PAPR. The

challenge here is that how to design low-PAPR pilot sequence
while there is no performance loss in channel estimation as
compared to the impulse pilot based scheme. To this end, we
propose to use Huffman sequences as the pilot clusters, which
will be detailed in Section IV.

wherew, denotes thg!* BEM modeling frequencyy, (1) (¢ €
{0,1,...,Q}) the ¢* weight or the ¢'" BEM coefficient
corresponding to thE” (I =1, ..., L) path,Q := 2[ fraz NT]
the number of BEM coefficients, and,.... the maximum
Doppler frequency. The modeling error is denoted dby],
and can be minimized by choosing the appropriate basis b menio o e o e

functions. For the above mentioned DSC representation, we HTI oo I T I .H oo o
——“——I—OJ————L —I J————L——z—oo——b

choose the NCS-CE-BEM with th&) + 1) BEM frequencies
. 2: A transmission block consisting of three sub-blo@&e;h containing a data sub-

wy's uniformly distributed between—27 f1,40 1, +27 frnae T
[17], because it provides a much lower modeling error as;g

Compared to the Critically-sampled CE-BEM in [2] Notice that block (black) and a sequence-based pilot cluster (red). Each sequence pilot is surrounded
NCS-CE-BEM is also a variant of CE-BEM but its MOAENNG . “carr sosiian of the loneith! soquonce i theth sunbiage o denetes
frequencies are constrained within the Doppler ratg®, ..,

thus leading to better channel modeling.

B. Estimation of BEM Coefficients [2]

2 1tis worth noting here thak (1) in (3) corresponds to a discretized version . . .
of the spreading functiorbgz (7, v) in (2). Please refer to [40] for discrete Since the DSC is modeled using BEM, we Only need to

delay-Doppler spreading function. estimate the BEM coefficients corresponding to appropriate
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basis functions in order to construct the channel at everg timestimation (referred to as “BEM-MSE”) is then given as

instant. Using (1) and (3), the received signal can be written

in matrix form as

y =Hx+v, (6)

whereH = Y9 D H,, D, = diag[l, e/, .., e/« (N -1,

andH, is a lower triangular Toeplitz matrix with first colum-
n [he(0), ..., he(L),0,...,0]7, and v consists of the AWGN
components, i.e.p[n] defined in Section Il-A. Due to the

MSE 2 tr(T7' + (1/02)® &)™ 1). (15)

Note that for a reasonably good BEM representation of
the DSC, the modeling error can be neglected, and thus
minimizing BEM-MSE also minimizes the actual channel
estimation MSE. Then, to minimize the BEM-MSE shown in
(15), we need to design the pilot sequenbggor B,) so that
the MSE matrix® " ® is diagonal or close to diagonal [42]. It

zero-padding on both sides of the pilot sequence, (6) can beas been shown in [2] tha' & will be diagonal if periodic

segregated into separate data and the pilot equatinarn(d
vy, respectively) with corresponding channel matriggsand
H,, and noise vectors, andv,, where

ys = Hgs + vy, (7)
= Hyb + v, (8)
with s = [s7,...,s%], andb £ [bT, .. bE|T.

Focusing on channel estimation, we can write (8) as:
@ | Dg1Hg1by

-

=0 | Dy pHy pbp

Yo + vy, 9

where D, ,, and H,, correspond to the sub-matrices cor-

responding to the pilot symbols obtained frdd, and H,
(shown below (6)), respectively. Specificall),, (¢ €
{0,1,...,Q}, p € {1,2,..., P}) for the ¢'" BEM frequency
and thep'” sub-block can be written as

3

(10)

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

Dq p = dzag (|:€jwq(np)’ ejwq("p+1)’ e ejwq(np+Np*L*1):|

bP7L bp,O
B, = . g (11)

bvap_l bp,Np—L—l

It can be verified thaH, ,b, = B,h, [2]. Denotingh, =

[714(0), ...,h.q(L)]T, andh = [h{, ..., h}]", we can write the
pilot equation (9) as
vy =®h+v, (12)
where® is defined as
Dy, 1B, DB,
: : ; (13)
Do, rBp Dg,rBp

From (12), the MSE-based estimate of BEM coefficient

vectorh is given as
= (1/o3)(T 7" + (1/op)@" @) @y, (14)

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

to be known at the receiver. The MSE of the BEM coefficients’

placement of impulse pilot is adopted, the transmission block
length V is an integer multiple of the number of sub-blocks,
and the DSC can be accurately represented using CE-BEM
with BEM frequenciesw,’s uniformly distributed between

FED.FED) e w, =3 (¢-%), a€{0,1,...,Q}.
However, for practical wireless channels, the conventional
CE-BEM may not be able to model the channel accurately,
resulting in large modeling errors [4] and poor CE even when
the matrix®” & is completely diagonal.

More accurate BEM modeling of the channels has been
reported by choosing suitable BEM basis functions [3], [6],
[17], [21] to improve the CE in practical channels. However,
using the above mentioned BEM modeling approaches, the
off-diagonal elements o® ® may still be non-zeros. Thus,
further CE improvement is possible by minimizing the off-
diagonal elements. In the next sections, we address this issue
by analyzing and designing pilot sequences such that the off-
diagonal elements ¢k & are reduced in magnitude, possibly
to a very small value, thus leading to better CE.

IV. CHANNEL ESTIMATION ANALYSIS
We can expand@ ® as:

- p p i i}
Z BEDED,,B; 21 BIDED,;B; ZlBHDOZDQZB
1= 1=
P P

ZBHD ;DoiB; ZB D DlZB’L

i=1

ol

ZBHD ,DoiB; ZBHD ,D1:B;
=1

Li= i= i=1

It is noted that® & consists of(Q + 1) rows, with each
row consisting of(Q + 1) sub-matrices, each of sizd. +
1) x (L +1). From (16), diagonalizinge?’ ® is equivalent to
solving the following two equations:

P P
> BfDID;B;=> BB, =PI, (17)
i=1 i=1

P
ZBHDfZquMBZ - Oa q1 # q2, (18)
i=1

whereP denotes the power allocated to the pilot sequence in
one transmission block. Next, we provide an analysis of the
pilot design and the physical interpretations of equations (17)

and (18) which will be useful for the design of low-complexity
pilot structure.
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A. Analysis of Pilot Equations for CE of all the paths, i.e.hy ('), ¢ # g, V. In order to

In this section, we provide an approach to estimate the BEMEMOve the_ IBl, we need to ensure.that the BEM coefficients
coefficients, and show its connection to the diagonality of theforresponding to all BEM frequencies for a particular path:
&1 & matrix (equivalently, (17) and (18) will be satisfied). We should lie on mdependent estimation bases (or subspaces), i.e.,
assume that the pilot sequences used in alRreib-blocks of ~ the columnsf, (i) in F are orthogonal to one another. From
the transmission block are the same, kg.=b, p=1,.., P,  the orthogonality of the columns, (i) £, (i) = 0 (¢ # ¢),
or equivalently,b, ; = b; in (4). Furthermore, let us assume W€ obtain
that the first non-zero symbol of.t_he pilot sequence ?n the eWar—wqy )(n1+i) 4 o(way—wey ) (np+i) — 0,

p'" sub-block starts at the,-th position,n,, being a positive
integer. To focus on the interfering terms for the estimation of a2 €{0,, Q) a1 # @2 (23)
the BEM coefficients, in the next analysis, we neglect the nois@or various BEM models, the BEM frequencies’s are
terms. Then, using (1) and (3) (witin] set to zero assuming fixed and (23) is not satisfied. This leads to 1Bl during BEM
accurate BEM modeling), the received signal corresponding testimation whose amount may be significant when the pilot
the pilot sequence at thiex, + i)™ position (i = 0,..., M +  power increases. In order to satisfy (23), in Section V-B, we
L — 1) can be written as propose to adjust the pilot positioms, so that the estimation
i Q bases become nearly orthogonal and 1Bl becomes close to zero.
ny,+i) =S b B (D) edwa(mpti) 19 Furthermoreit can be verified that the conditigi23) is related
vy +9) lZO: Z+Lq2_:0 o) (19) to (18), as shown in Section IV-B.

Note that in (19),h,(l) = 0 for | > L because of the finite Remark 1. From (21) and (23), note that for perfect 1BI
channel memory. Alsop; ;,;, = 0 for (i—1) > (M—1)  cancelation, a minimum number of sub-blocks (equivalently,
because the sequence length)is (see (4)). Collecting the pilot clusters) is required, i.eR > (Q +1). For high mobility
pilot equations from all the sub-blocks, corresponding tochannels (large Dopplef,...) and large transmission block

(n, +1i)™" (p=1,..., P) position, we have length N, @ can be large, and accordingly, many pilot clusters
_ _ ) o are required to perfectly cancel the IBI, leading to lower
y(i) = [y(n1 + i) y(n2 +4) ... y(np +1i)] efficiency.

= Fh(O)birr + Fh(1)biagr + ... + Fhi)br,  (20) Assuming that the feasibility conditio® > (Q + 1) in

whereF is defined as Remark 1 is satisfied, and the IBI becomes zero in (22), only
edwo(naiti)  jwa(niti) the IPI term remains as the interfering term in the estimation
piwo(nati)  gjwg(nati) of hq(l). Next, it can be noted that the BEM coefficient for a
F 2 [fo(i), ... fo(i)] = ) _ ) , particularg andl, i.e., hq(1), is contained in\/ pilot equations
: K : only. For example, the variablé,(0) is contained in the
elwo(npti) - eiwg(npti) first M equationsy (i), i = 0,..., M — 1. Collecting all the

(21)  equations which contaih,(0) for i =0, ..., M — 1, we get
with f,(i) £ [e/@am+D) | ewametDIT gnd h(l) £y 2 [£(0)y(0), £ (1)y(1),.... £ (M — )y(M —1)]"

~—

[ho(1), ha (1), ..., hg(1)]T is a vector consisting of the BE- by 0 0 hy(0)
M coefficients correspondir;g to all the BEM frequencies bri by 0 hq(1)
wg, (¢=0,1,...,Q) for thgl .path. N _pl| brye b1 0 hqe(2)
Now, we focus on estimating the BEM coefficient corre- . . )
sponding to the'” BEM frequency for thé'" path, i.e.r,(1). : : - : :
Multiplying both sides ofy(i), (i =0, ..., (M —1)) by £7(i), brym—1 brym—2 - bryu—r—1)+] [Re(L)
we obtain 5
i (24)
£ (D (i) = Phe(Dbis 1 + PZ hq()bi-1+1 From (24), itis clear that the coefficiehy (0) can be estimated
i interference-free if the first column @& is uncorrelated with
IPI all other columns (Similarly, all otheh,(l),! # 0, can also
4 Zbi—l’ﬂ Z fq(z‘)qu, (iYhg (1) (22) be estimated). Specifically, the following equations should be
1% 7 2q satisfied.
151 L+M—-71—-1
In (22), IPI, referred to as inter-path interference, denotes the ; bigrbi =0, m=1,... L. (25)

interference toh, (1) from the BEM coefficients of the unde-
sired paths but the same BEM frequengy.e., hy ('), I # L.
IBI, referred to as inter-BEM-frequency interference, denote
the interference toh,(/) from different BEM frequencies

By analyzing the IPI during the estimation of other BEM
goefﬁcients, we get the same set of equations as above (details
omitted here). (25) implies thaB?B; in (17) is a diagonal
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matrix, and therefore, (17) is satisfied. It is worth notingtth the term in the bracket of (28) is related to (23) which aims
the above equation (25) suggests a pilot sequencemiiblse-  for minimum IBI. Thus, minimizing the(m,m)-th, i.e., the

like aperiodic autocorrelation properties. This motivates us taliagonal term of¥,,,, (¢1 # ¢2) is equivalent to reducing
use Huffman sequence as the pilot sequence (for CE) in eac¢he IBI during BEM estimation.

sub-block of the transmission frame. An interesting property of

Huffman sequence is that its aperiodic autocorrelation is almost

impulse-like with zero side-lobes at all time-shifts except at the

last one [36], i.e., exactly the set of conditions for interferencec., BEM-MSE metric approximation

free BEM estimation as mentioned in (25). Please refer to

Section V-A where we explicitly discuss the Huffman sequence Based on the above analysis, we present below a simplified

based pilot designs. BEM-MSE expression. Theb”?® matrix in (16) can be
o written as (see Fig. 3)
B. Structure of theb & Matrix in (16)
Once we choose Huffman sequence as the pilot sequence, $00 501 o $OQ
(25) is satisfied. Equivalently, (17) is satisfied, and thus the pHp=| ©° 1 T
sub-matrice¥see (16) and Fig. 3), i.e¥,,,, (¢1 =0,...,Q), : e
lying on the main diagonal o’ ® become the scaled iden- Yoo Yor ... ¥go
tity matrix PI.;. Also, the magnitudes of theff-diagonal
elements of theoff-diagonal (L 4+ 1) x (L 4+ 1) sub-matrices [ Ployr Boloir ..o Booloi
W, 4., @1 # g2 become significantly small. We can observe Bideyr Pl ... Bog-1lpa
this by expanding¥,, ,, in (26) (shown on top of next page), ~ (29)
where we denoté\, ,, = w,, —w,,, andu = (m —n). Then, o o : -
the value of[¥, 4,](m,n) Without the external summation in Boele+1 Borlo+1 - Plrsi
(26) can be written as (P Bor ... Bog
M—1 Bor P . Pog ~
¢/ ez (tr) Z (— bL+i—(—u)+)€qu”2 (im—u—1) B o : i =Bl (30
1:|U‘Mil 5o Bor - P
(@) i gyas (ny) S b bri Oy, 27) B
i=ul Using (15) and (30), and assuming thaf(l) are i.i.d. with

where the approximatiofu) is because the phase rotation dueV""”"ﬂncefSA 1/(Q@+1)(L+1), e, T' = 6ig41)(z+1), and
to e/Ama (itm—u=1) js small for typical values of\,,,, and v = 1 without loss of generality, we get the simplified
small values ofi (i < M), and the equalityb) is due to the ~approximate BEM-MSE expression as follows.

aperiodic autocorrelation properties of Huffman sequence as\/gp . ¢r[(5~ Tiorny ey +B@T) 7

shown in (25). The above approximation is more accurate if

the sequence lengfll is small. Thus theff-diagonalkelements ~ — =tr[(B® 1) =BT @] = (L+ Dir(B),

of the matrices®,,,, (¢1 # ¢2) become significantly small, (31)
resulting in near-diago_naIllqlqz. Finally, the matrix®”® is |, nareB 2 (0~ Toe1 + B).
of the form as shown in Fig. 3.

From Fig. 3, we observe thad”@® still contains non- Remark 2. Note that®"® in (15) is of dimension(Q +
zero elements on the main diagonal of the off-diagonal subl)(L + 1) x (@ 4+ 1)(L + 1), and thus its inversion during
matrices which need to be minimized for enhanced channdlumerical search for optimal pilot parameter (specifically, pilot
estimation. For off-diagonal sub-matri#,, ,,, the diagonal POsition) is computationally quite expensive (of the order
elements[¥,, ol mm) (m = 1,..,L + 1) in (26) can be O ((Q+1)*(L+1)%)). On the other hand, the simplified

written as BEM-MSE in (31) involvesB of dimension(@Q+1) x (Q+1)
M-1 P only. Thus, the simplified BEM-MSE expression allows us to
(41 2] (mm) = Z eIBaran (i+m*1)bz+ibL+i Zequmnp _ optimize the pilot parameters with much lower complexity,
i—0 =1 which will be used to serve as a benchmark against another

(28)  low-complexity algorithm proposed in Section V.

Using approximations similar to (27), for typical values of Remark 3. For theimpulsepilot, although the off-diagonal
(Dgig2r 1)y [®grg0)(m,m) IS almost the same for alln =  elements of the sub-matriceB,, ,, (¢1 # ¢2) are zeros (i.e.
1,..,L +1, i.e., for all the diagonal elements &, ,,, and (25) is satisfied becaudg,; = 0, i # 0), the main-diagonal
therefore, we denot&,,,, = [W4102](m,m), ¥m. Note that s still prominent, leading to 1Bl and poor CRlso, impulse

pilot tends to suffer from high PAPR, and is therefore, not
3 Here we define the sub-matrices #s,, ¢, = Z BfDH D,,;B;. preferred

q1%
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Diagonal elements are non-
zeros but they can be reduced

to zero (equivalently, IBI is
Off-diagonal elements are reduced) if (22) is satisfied.
close to zero (IPI is reduced) if 4

(24)is sati:ﬂed. Uy,

‘I’(U

;1’21
Fig. 3: An example of & &| matrix showing the interference during BEM coefficients’ OUt of N — 1 roots, whereas,, = 1/t for rest of the roots. As

estimation, wher&) = 2, L = 3. Periodic pilot placement is adopted. Because of this,
theWoy, ¥10, P12, ¥ay sub-matrices have large undesired values (yellow-colored) on
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their main diagonals. The off-diagonal elements of the sub-matdegs,,, g1 # g2,
are close to zero due to the aperiodic autocorrelation property of Huffman sequences.5q Compared to the exhaustive search WM’Ef:EQN*l

V. PILOT DESIGN

The Huffman sequence generation, summarized in Al-
gorithm 1, is described as follows. Consider a polynomial
P =117 (z — ¢nrs), where the rootr,, = o™ [36], with
a = e?27/(N=1) "and the radius),, can take a value of either
t or 1/t for a real valuet. For a givent, C = 2¥~! such
polynomials, denoted &g, ..., Pc }, are possible. A Huffman
sequence; ; is obtained corresponding to each polynontal
by extracting its coefficients. For a givénthe sequence with
the lowest PAPR is then obtained gs= arg i—Ilninc p(it)

(Step 5). Next, we vary the value afand choose the Huffman
sequence with the lowest PAPR g% = arg mtin p(gt)
(Step 7).

Finally, we note that the energy ratio of a Huffman sequence
is large (equivalently, PAPR is less) when about half of the
rootsr,, lie on circle of radiust and the other half on circle
of radius 1/t [36]. Thus, in Step 2, we need to form the
polynomials for those cases in whigh, = ¢ only for (%1
a result, for every, only C = (WN_E}Q]) Huffman sequences
need to be obtained, thereby reducing the search complexity,

In our present work, where the number of multi-paths
L is not large, Algorithm 1 is sufficient for searching low-

AS discus_sed in Section IV, minimizing the MSE is equ_iv- PAPR Huffman sequences of small lengths. However, for large
alent to solving (17) and (18). Based on our above analysis, Kuffman sequences, even after choosifig— ( N—-1 )

is required to solve (25) and (23), respectively. To this end, Wend after taking into account the invariance ((])vﬁelr/é%ion of

consider a two-step approach. In the first step (Section V'A)the roots [37], the search complexity increases exponentially

We propose tp solve (25) using a I_-|uffman sequence which heWith the sequence length. For such cases, a low-complexity
zero aperiodic auto-correlation sidelobes at all the NON-Z€rQorithm can be employed with non-exhaustive search space,

shifts except at the last one. In the second step (Section V-B)alS suggested in [37]. If we want to obtain real-valued Huffman

we propose a low-complexity pilot placement strategy tOsequences for oddv, we should also take into account the
satisfy the IBI condition (23).

extra rootsr,, = a”e/™/(N=1) for polynomial generation [37]

) (see Step 2 of Algorithm 1). For further details, readers are

A. Huffman sequence design referred to [36], [37], [43].
We propose to solve the first condition (25) using Huffman

sequence, thanks to its impulse-like aperiodic autocorrelation

property. Specifically, for a length* Huffman sequence, zero

autocorrelation sidelobes can be observed up to the fifst2)

time shifts [36]. This implies that for a DSC with multi-

paths, a Huffman sequence of length at Iédst 2) is required

in order to satisfy (25). For example, fdr = 3, we need a (23) for reduced IBI. Specifically, we aim to adjust the pilot

lengths Huffman sequence, saly x5, and the overall pilot positionsn,, Vp, for orthogonal (estimation) bases in the

cluster, together with zero-padding as shown in (4), is givemmatrix F' in (21). An interesting observation is that the pilot

as [01x3b1x501x3]. Note that it is possible to find multiple position optimization can be designestparatelyfrom the

Huffman sequences to get (25) satisfied. The issue here is sBquence design.

select the one with very low PAPR. We consider the following multi-objective optimization

B. Pilot placement design

In this subsection, we optimize the pilot placement to satisfy
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Algorithm 1 Low-PAPR Huffman sequence design Indeed, it is observed through our simulations that the proposed
pilot position optimization problem (P2) works remarkably
1: for t =1/2:0.01:2 . : )

N-1 A well for the moderate to high normalized Doppler scenarios.

2:  For a givent, form C = ( ) polynomials {#; ; = L . . . )
[N—1/2] . )
1V-2(2 — ¢nra)} (i = 1, .., C), where the ook, = ™, and The optimization problem (P2) is a combinatorial opti

%”zgsumes the value of[X=1] times only in 2., i.e., only mization problem. For small) (e.g. @ = 2) and small

[¥=17 out of N — 1 roots Iie2 on circle of radius. N values, numerical search may be used to find the near-
3:  Extract the coefficients of the polynomiafs?; .} to form the ~ optimal pilot positions. One low-complexity approach is to

C Huffman sequencefg; +}. search forn, Vp in a search space around the periodic pilot

4 Compute the PAPR of;; using (5), denoted as(g;,)- positions [29]. However, for largé) (high Doppler scenario)
5 g = arg ,nin p(git).

,,,,, and largeN, numerical search can be computationally very
é: end for _ . expensive, and therefore, stochastic search methods such as
i grzogliﬁ pt(t;)-sequence with the least PAPR, ig. = sequential/parallel stochastic search [44] or discrete stochastic
t optimization [23] are necessitated to find good pilot positions
in a low-complexity manner. Thus, for larg¥ and large@
values, we resort to the stochastic sequential search (SSS)
algorithm (see Algorithm 2) to solve (P2).

problem. Let us denote the objective in (P2) ag(n) £
P P
. . " . JRAN =
L min S ertunmn| VAL, 0,0 € {0, Qha £ @ 2B pzz:le »|, wheren = {n,ny,...,np} denotes
. = the pilot position vector. In Algorithm 27 initial pilot positions
(P1) (each pilot position vector denoted liyas shown in Step 3),
sit. In, —ny| > 2L+ M),p#7p/, are generated randomly in the outer loop, keeping in mind the
np+M=(N—L+1), pilot separation constraints in (P1). For each initialthe first

non-zero position of each pilot cluster, i.e,, (p =1, ..., P)
is sequentially updatedne after another while the positions
where ' denotes the full search space of the pilot positionspf all other pilot clustersn,, p’ # p are kept fixed. After
i.e., N ={1,...,N}. Note that by solving (P1), themagnitude updatingn,, the new pilot vecton, is given as
of the left-hand-side of (23) will be minimized. The first
inequality constraint implies that the “starting” non-zero pilot p
symbols of two different pilot clusters should be separated by st. n@)=n(p), p #p; nlp) € N\ {ny,p # p},
at least(2L+ M) (seg Fig. 2 f_or reference)_, where overlapping Constraints in (P1) (32)
of zeros of two adjacent pilot clusters is not allowed. The
second equality constraint implies that the transmission blocktep 5 in Algorithm 2 ensures that the sequential update
should end with a pilot sequence followed liyzeros, thus should stop when the solution is trapped in a local minimum.
avoiding inter-block interference to the next block. Similarly, for each of the random position initializations, the
On careful examination of the sub-matric®s, ,,, we find  best local solution is found and stored. Out of thésgood

that only@ objectives need to be minimized in (P1). Moreover,solutions, the final solution is obtained by simply choosing the
in our channel model, the BEM frequencies are equi-spaced®ne with the minimumf (n).
e, A=Ay 4 = Wy, —Wq = Wg —We,, and so on. Finally, Although the SSS method does not analyze all the pilot
we can re-formulate (P1) as a min-max problem as follows. positions exhaustively, its performance is found to be signifi-

cantly better than the conventional periodic sampling approach.
(P2) Moreover, our approach, based on exact analysis of the MSE

equations, gives us useful insights into the design of pilot

positions.

—arg min f(),

*

n

p arg anen./{}le l{G?llaXQ}
s.t. Constraints in (P1)
Remark 4. It should be noted that if we wish to trans-
mit data with large efficiency on high Doppler channels,
The rationale of (P2) is to minimize the maximum corre- g(2[f, .. NT1) can be large and sufficient number of pilot
lation between the estimation subspaces in (21). Intuitively, itjysters may not be available (i.82,< Q + 1, see Remark 1).
makes sense that for minimum inter-BEM frequency interfern sych a case, solving (P2) directly may not give good
ence during BEM estimation, the subspaces associated Withiot placement results. This is because when< Q + 1,
the pilot sampling positions must be minimally correlated.some of the columns oF (see (21)) will always be highly
Note that in the conventional periodic sampling by pilots,correlated. Although solving (P2) may, in general, de-correlate
the estimation subspaces are highly correlated which leadfe columns ofF, most of the columns will still be highly
to severe performance degradation in BEM estimation. Not@oyrelated, leading to significant IBI during BEM estimation.

also that by solving (P2), the diagonal elementsiof,, get  |nstead, we suggest to minimize the maximum correlation
reduced in magnitude, thereby diagonalizing & & matrix.
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Algorithm 2 Stochastic Sequential Search (SSS) AlgorithmMinimization for each of the pilot positions, which involves

for pilot placement a complexity of O(Q?) complex multiplication operations
— ~ = because of the matrix inversion during the MSE computa-
;f ][cr)\rltliath:zaltlon :Ise” andJ. N = 0sxp. f=0r1. tion. Furthermore, the genetic algorithm based pilot position
3: Rand07n;{I§ generata(n, C ), satisfying the constraints in optimizatipn in [38] is generally more _Complex C_0mpared to
(P1). Seti < 01xp. our Algorithm 2, and may involve tuning of various hyper-
4 forj=1,..,J parameters as well as partial priori knowledge of the
5: if n =n goto Step 1lend if solution.
?f ]’%fp‘l L P—1 It is _wort_h noting that sometimes the pilot placement may
8. Obtain}i;from (32).n < n, result in hlghly uneven (e.g., very large) data sub-blocks.
9: end for (p) Although this improves the overall MSE performance, the
10: endfor (j) bit error rate (BER) improvement may be limited, especially
11:  [N],) <= n; £ < f(n). for the zero-forcing (ZF) or minimum-sum mean square error
12:endfor (i) (MMSE) equalizers. This is because a long data sub-block
18: % = arg, min . implies that the pilot symbols on both sides of the data sub-
14: Optimized pilot position vecton* = [ﬁ](i*,:). block may not be able to sample the time-varying channel

fast enough to catch up with its short coherence interval,
leading tolocalized CE errors over individual long data sub-
between only the first few columns df. Specifically, x  plock. Therefore, we use trellis-based maximum-likelinood
in (P2) should assume a maximum value (@ — 1), i.e., (ML) equalizers for data equalization to achieve good BER
£ € {l,...(P = 1)}, so that at least” columns become performance. Finally, in our simulations, we use the pilot
uncorrelated to a large extent. Indeed, this approach showssition search using simplified BEM-MSE (see (31)) min-
remarkable performance improvement after pilot placemen§mization as a benchmark to assess the performance of our
as also verified through our simulations. proposed pilot optimization problem (P2).

C. Complexity of pilot placement design VI. SIMULATION RESULTS

Notice that the pilot placement search complexity can be |n this section, we carry out numerical simulation to e-
prohibitively high using the exhaustive search method. Inaluate the proposed pilot design for channel estimation in
particular, for searching” optimal pilot positions (with the DSC. We consider a DSC of orddr = 3, i.e., four multi-
design constraints as mentioned in (P2)) in a lenytllock,  paths. Each channel tap is modeled as an i.i.d. random variable
approximately(}y) searches would be required. For example correlated in time according to Jakes’ model with the corre-
searchingd pilot positions in a block of lengthV. = 459 as  |ation function given as/y (271 fme.T), Where Jo(-) is the
in Fig. 12 settings (see Section VI), abolft'® searches are zeroth-order Bessel function of the first kind [6]. The average
required. This search complexity is reduced drastically usinghannel gain for each path is assumed t e so that the
our proposed pilot placement strategy, as explained next.  overall channel gain is unity. Unless stated exclusively, the

Based on the exponential BEM, we have obtained theignal to noise ratio (SNR) is defined as the average SNR
optimization function f(n) 2  max. ‘ f: eIrAN, (averaged_ over all the dilta and the pilot sub-bloc_ks in the

. re{l,..Q}H p=1 transmission frame), i.ep, = (NJ’% [2], wherePr is the
(P2)). Clearly, the main complexity in computirfgn) comes  total power over the entire transmission block of the sequence-
from P complex addition operations for each of iyeifferent  pilot based schemes? is the noise variance, ang is the
r's, and themax . operation which is essentially a comparison number of sub-blocks within the transmission frame. We make
operation with a complexity oD(Q), totaling to a complexity sure the number of pilots is sufficient so that the number
of O(PQ + Q)) ~ O(PQ) operations. of equations is not less thafQ + 1)(L + 1), the number

Now, within each inner iterationj(= 1, ..., J) of the SSS  of unknown BEM coefficients. Unless stated otherwise, the
(see Algorithm 2).n,, computation (Step8) involvesO(N)  transmission efficiency is assumed to bg/3, i.e., the data
f(n) calculations and (V') comparisons for the minimization symbols constitut&6.67% of the transmission frame. In our
operations in (32). Thusp, computation involvesD(N) +  simulations, the CE MSE for th&" multi-path is defined as
NO(PQ) ~ O(NPQ) operations. Sincen, is computed M N
for (P—1) pilot positions, and assuming that the inner and o m)/ . Sm) (2
oute(r iter;tions occur up td (Step4) and I (Step2) times, MSE = 35 SO ST R i) = R s )2, (39)
respectively, the overall complexity is given By O(P2QN) R
operations. where h(™) (n;1) and h™)(n;1) denote the actual and esti-

Note that a significant complexity reduction in our approachmated channels, respectively, for thé" transmission block,

comes by considering the objective functigiin) which M the number of Monte-Carlo simulations, ah€™ (n;1) =

involves onlyO(P(Q) addition operations. On the other hand,%z 70m) (1)ed=am, with h((]m)(l) being them®" block’s estimat-
=0

other works such as [17], [38] assume a direct MSE objectiv a

(see

m=1 n=0
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ed BEM coefficient corresponding to the BEM frequengy and impulse pilot based schemes. Specifically, for CE, the
(see (14)). total pilot powerin a transmission block is assumed to be the
First, we consider the case where the normalized Dopplesame in both the schemes. Similarly, for BER performances,
spreadf,,.. T for the fading channel i8.005. Since L = 3,  we ensure that theower per data or information symb@
the Huffman sequence should be of lendth= (L +2) = 5. exactly the same in both the schemes. For our simulations,
Due to L zero-padding on both sides of the sequence, the totgdower allocation between the data and the pilots is denoted by
pilot length in a pilot sub-block i + 5 = 11. In order to  the pilot-to-data-ratio (PDR), defined as
maintainn = 2/3 for the periodic pilot placement, the data R
length is set to be2 for each sub-block. Considering = 3 PDR= Total data power in a block
sub-blocks in the transmission frame, the overall frame length Total pilot . block
. . pilot power in a bloc
is N = 99 symbols, and thus the number of BEM coefficients, = _ .
Q = 2[ fran NT] = 2. number of data symbols in a blockpower per data symbol
Using Algorithm 1, we find the lowest PAPR As discussed previously, for the transmission efficiency:
real-valued Huffman sequence-based pilot to be 2/3, the sequence pilot scheme Hisdata symbols whereas
[0,0,0,1,1,0.5,—1,1,0,0,0]. The positions of the first the impulse pilot scheme has onlg data symbols in a block.
non-zero symbols of the periodic pilot sequence in3rsub-  Therefore, when the total pilot power and the power per data
blocks are given a&\” = 26,n{” = 59,n{) = 92). During ~ symbol are kept the same in both these schemes, the PDRs
pilot position optimization, in order to avoid inter-block Of the two schemes can be different. For example, for the
interference at the end of the current block (in other wordssimulations in Figs. 5 and 6, PDRs for impulse and sequence
the second constraint in (P1) is satisfied), we let the laspilot schemes are approximately37 and0.23, respectively.
sub-block’s first non-zero pilot position to be; = 92, i.e., In Figs. 5 and 6, “NCS-CE-BEM” denotes theon-
same as periodic placement casesing numerical search to critically-sampledCE-BEM which provides the best BEM fit
solve (P2), high quality pilot position solutions are obtainedfor the CE-BEM [17], and “CE-BEM” denotes thaitically-
as[nf = 8,n5 = 60,n%5 = 92]. The pilot positions before sampledCE-BEM mentioned in [2]. “Impulse”, “Huffman”,
and after optimization are shown in Fig. 4. Note that afterand “Random” denote impulse pilot, proposed Huffman-
optimization, the data length is different in each sub-blocksequence based pilot, and random pilot sequence, respectively.
(unlike periodic placement case where each sub-block ha&eriodic placement” and “Optimized placement” mean that
data length of22). Finally, the pilot positions obtained by the pilot placements are periodic and the proposed optimized
optimizing the simplified BEM-MSE in (31) are given as Pattern, respectively. “P-BEM” denotes the polynomial BEM
[t = 8,n% = 48, n§ = 92]. [18]. “GCE-BEM” denotes the generalized CE-BEM [3] in
which oversampling is used to obtain a more precise channel
idi i model. Note that in all the schemes except “GCE-BEM”,
@ = 2, and thereforeP = (Q + 1) = 3 sub-blocks are
sufficient for BEM estimation. On the other hand, in “GCE-
smbolmdoc BEM”, Q = 4 due to oversampling, and at ledssub-blocks
@ should be used, resulting in the frame lengthéf= 105
(comparable toN = 99 for the sequence-based proposed
schemes). Finally, “NCS-CE-BEM-MSE, optimized” denotes
(R S;'embo”n;:x W T w % the performances obtained by optimizing the pilot positions
based on the simplified BEM-MSE metric in (31).

Total pilot power in a block

Absolute
val;es
5)

5)

)

Absolute
values
)

&)

(b)
Fig. 4: Absolute values of the data (blue asterisks) and (ited circles) symbols in a
transmission frame of length’ = 99 with (a) Periodic pilot positions (b) Pilot positions
after optimization

Fig. 5 shows the channel MSE performances of various
algorithms. We also compare our sequence-pilot based CE
results with the impulse-pilot based scheme, i.e., the case when
impulse pilot (“TDKD” pilot structure, see Fig. 1) is used in
all the 3 sub-blocks for CE, each consisting bf data symbols
and7 (one impulse pilot surrounded by = 3 zeros on either

side) pilot symbols, totaling to a block len§tiv = 63. Se-ceommmuse )
. . ~={== NCS-CE-BEM-Random, periodic placement

Note that for the above mentioned comparison, power GeE BEN-mpuse 3]
. . -25 NCS-CE-BEM-Random, optimized placement
fairness should be carefully taken into account for the sequence PEEUIISS 1G] oo acomen
NCS-CE-BEM-Hu“man: optimized placement|

4 For lengths Huffman sequence, we note that the lowest PAPR attained by o (FERCECEORMAEE et e >

both the complex and real-valued Huffman sequences are the samiote SNR (dB)

that for the case of non-contiguous packet-based transmission, even the last Fig. 5: MSE performances of various algorithnys,... 7" = 0.005, @ = 2.

sub-block’s pilot position can be optimized, eventually leading4taata . . .
sub-blocks ang pilot sub-blocks. & Note that block lengthV = 63 symbols From Fig. 5, it can be observed that for the same pilot power

is chosen in order to maintain = 2/3. in all the schemes, the Huffman sequence pilots with periodic
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pilot placement (“NCS-BEM-Huffman, periodic placement”) in Section IV-C. Fig. 7 shows that the actual BEM-MSE
provide much better CE, as compared to the CE-BEM and15) and the approximate BEM-MSE (31) are quite close for
GCE-BEM based impulse pilot schemes. Notably, the perboth the periodic as well as the optimized pilot placement
formance of the P-BEM based impulse pilot scheme is quiteases. This validates the approximate BEM-MSE expression
close to the Huffman pilot scheme, but the later has the added (31), and thus the pilot position optimization based on the
advantage of low PAPR. Due to the pilot power spread over thapproximate BEM-MSE is also justified.

sequence symbolthe Huffman pilot cluster has a much lower

PAPR 0f2.59 (please refer to5) for PAPR calculation.) as . ‘ ‘ ‘ ‘ ‘ ‘
opposed td7 for the impulse pilatlt is worth noting that for S Approsimate BEMMSE (perdc pict pacemens)
the “NCS-CE-BEM-Huffman, periodic placement”, only the ;g;:gg;x'sgmgéﬂg;;g;d";;gdp"ﬂlp‘a°$me"')’
condition (25) is satisfied due to the Huffman sequence but the O,

IBI values (see (23)) are large as the pilot positions are not »

optimized here. On the other hand, the proposed “NCS-CE-
BEM-Huffman, optimized placement” satisfies (25) and tends
to minimize IBI also in (23), and thus provides significantly
better CE MSE compared to both the impulse as well as the
Huffman pilots with periodic pilot placement. Specifically, its
MSE performance is close to thenchmarksimplified BEM- ‘ ‘ ‘ ‘ ‘ ‘
MSE (see (31)) optimization based pilot positions. % 10 12 14 15 1 2

Average Pilot Power (dB)

We also show random pilot sequence based MSE plotBg. 7: A comparison of Actual BEM-MSE (15) and Approximate B&BISE (31) at
which, as expected, perform poorly as compared to the prgifierent values of Average pilot SNRgiq.T" = 0.005, @ = 2.
posed pilot design. Note that the “Random, optimized place- Next, we consider higher normalized Dopplgf..T =
ment” scheme shows poor performance although optimizefl.01 with L = 3 multi-paths and block lengtiv = 165. As a
pilot positions are adopted. This is because (25) cannot beesult,) = 4, and we need pilot clusters for5 sub-blocks.
satisfied by the random pilot sequence, thus resulting in IPHere, since our main focus is low-PAPR transmission, from
during BEM estimation which degrades its MSE and BERnow onwards, we consider sequence-based transmission only.
performances. For the periodic placement, each sub-block Bassymbols,

Fig 6 shows the BER performances of the various alwith 22 data and11l pilot symbols (lengthtl sequence),
gorithms for QPSK modulation using ML (Viterbi) data e- leading tol110 data symbols and5 pilot symbols in the entire
gualization. For both the sequence and impulse pilot baseflame. However, after pilot placement optimization, the pilot
schemes, same power is allocated to each data or informatigrositions becomeregular (no longer periodic), and therefore,
symbol, and here, the SNR on the x-axis denotes the SNRach sub-block’s data length also changes. The proposed pilot
per data symbol only. Similar to the trend displayed in thecluster consists of the same lendgth-Huffman sequence as
MSE curves shown in Fig. 5, the proposed pilot scheme “NCSearlier. The PDR is set t.234, and other channel parameters
CE-BEM-Huffman, optimized placement” shows the best BERare the same as earlier.
performance (close to the benchmark scheme “NCS-CE-BEM- The periodic pilot placement is given l{wﬁ") = 26, né") =
MSE, optimized placement”). 59,n§°) = 92,n510) = 125,n§)") = 158], whereas the proposed
pilot placement solution (obtained from Algorithm 2) is ob-
tained asin{® = 8,n{” = 45 n$) = 82, n{Y =119, =
158]. Note that after optimization, the first pilot cluster is closer
to the edge of the frame, i.eqqg*) = 8. This implies that the
channel sampling by the pilots should start from the beginning
of the frame otherwise the information in the first few channel
samples could not be taken into account (such as in periodic
placement case, which begins with data sub-block followed by

o
w

BEM Mean Square Error
) o
= o N
& o &

o
o

o
o
&

pilot cluster) for CE. Similarly, a pilot cluster placed closer to
10’4,- NCS-CE-BEM-Random, optimized placement Y the frame end gIVGS better CE )
B Nk Ce-ehfiman, pariodic pacamant - In Fig. 8, we plot the absolute values of t#é ® matrix for
€&~ NCS-CE-BEM-Huffman, optimized placement (Proposed) . .
o NCS-CE SEMMSE, apimzsa acement fmaaT = 0.01 which also reflects the interference pattern dur-
® . R - 2 ing the BEM estimation. We observe that due to the proposed
X NR per data symbo\ (dB) . ) A A N X
gl%-o 553: SERQPerformances of various algorithms, QPSK moéutat frae T = pilot design, the®” ® matrix becomes almost diagonal. This

implies that the IBI and IPI are significantly reduced during
Note that in Figs. 5 and 6, “MSE-optimized placement” BEM estimation due to the proposed Huffman sequence and

has been used as the benchmark. In this case, we refer piot placement, leading to reduced MSE, and therefore better

the pilot position optimization based on tapproximateMSE  CE which is further confirmed by Fig. 9.

expression of the BEM coefficients’ estimation, as mentioned Fig. 9 shows that the proposed Huffman sequence-based
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pilot positions in a low-complexity manner, even for large

: ) Doppler and large@.
: = . " In Fig. 11, we consider higher normalized Doppler
" : : FmazT = 0.02, with a transmit symbol duratiofi = 33.33us.
: o “ Thus, fime: = 600 Hz, which corresponds to a mobility of
. . 324 km/hr for a carrier frequency of GHz. The efficiency

R o n = 59.2% and the PDR is0.54. The channel order is

(@ :Iear::::nptilot (b) %l;;icfzzifﬂp“m L = 3, i.e., 4 multi-paths. Accordingly, a low PAPR length-
Fig. 8 |<§>H§\ matrix due to (a) Periodic pilot positions (b) Pilot positions after Huffman sequence withl, zero-padding (ZP) on both sides
optimization; fmas T = 0.01, @ = 4. [01x3,1,1,0.5,—1,1,013] is used as the pilot cluster for

- . o - y CE. We also consider the CE MSE performances of other
optimized pilot design (*Huffman, Optimized placement’) has competitive sequences such as Zadoff-Chu and Generalized

significantly better CE MSE performance (closest to the benChBarker sequences [36] which have low PAPR and low OP-
mark “MSE-optimized placement” scheme), as compared YDAC. For each case, the block lengthAis = 243 with 9 sub-
random sequence based pilotg a_nd periodic pilot pOSiti.OnS‘ Thﬁocks, each comprising a data sub-blockiéfdata symbols
BER .plots in Fig. 10 show S|m.|lar trepds, thus proving the 4 5 pilot sub-block of 1 pilot symbols § sequence symbols
effectiveness of our proposed pilot design. with 3 ZP on either sides). The sequence pilots are placed
periodically within the transmission block because here, we
: — want to analyze only the effect of different sequence types (and
3 f."m:p"“dps."':"‘ ] not pilot placement) on the CE performance. The number of
g:ﬁﬁﬂ:ﬁ: WSE opumzed pacenent | | BEM coefficients@ = 2[ fqNT'] = 10.
' Note that although a low-PAPR Huffman sequence is cho-
sen, it has a slightly higher PAPR @f58, as compared to
the other sequences which have a PAPR2d (consider
the ZP during PAPR calculation, see (5)). However, Huffman
sequence outperforms all other sequences in terms of CE,
thanks to its exactero OP-AAC property. Thus, with only a
slight compromise in PAPR, Huffman sequence shows better
CE capabilities. In comparison, an impulse pilot cluster (not

SNR (dB) . . .
Fig. 9: MSE performances of various algorithmssa. T’ = 0.01, Q = 4. shown here) would have a much higher PAPR af this case.
*
== Barker sequence
SN R e

BER

102F

Huffman, Optimized placement (Proposed)
Huffman, MSE-optimized placement

5 10 15 20
! SNR (dB)
5 10 15

SNR(B) Fig. 11: MSE performances of various sequenggs, 7 = 0.02, Q = 10, L = 3,

Fig. 10: BER performances of various algorithms, QPSK mdihra f,, 0.7 = number of sub-blocks® = 9, block lengthN' = 243, efficiency = 59.2%, Periodic
0.01, Q = 4. ' pilot placement.

In Fig. 12, we compare the performances of various se-

Remark 5. Note that the “MSE-optimized” scheme servesquences for high mobility channels (largg,..), and larger
as a good benchmark for MSE performances of differenmulti-paths () and higher efficiency r(), as compared to
algorithms when the number of BEM coefficie@tds small.  Fig. 11. The system parameters aié:= 16.67us, fmaz =
However, for higher DoppleK) becomes large and hence the 600, mobility v = 324 km/hr, n = 2/3, L = 5, sequence
“MSE-optimized” scheme needs to invert a larger (albeit muchlength= (L 4 2) = 7, @ = 10, number of sub-block® =9,
smaller than the original MSE matrix i(15)) (Q+1)x(Q+1)  block lengthN = 459, and the pilot positions are optimized
matrix for each pilot position during exhaustive search, whichusing Algorithm 2. SinceN and f,... are quite large, and
can be computationally quite expensive. In contrast, our prowe wishn = 2/3, we use only9 pilot clusters (sub-blocks)
posed “min-max” search (se€P2) does not require any here. Due to lengtl- ZP on both sides of the sequence pilot,
matrix inversion, and thus, can be used to find the sub-optimadach of thed pilot clusters is of length7 (7 + 5 x 2 = 17).

Random, Periodic placement
Random, Optimized placement
Huffman, Periodic placement
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However, here the number of pilot clusteéPs< @, therefore, of data symbols are placed in each sub-block, depending on

due to insufficient number of pilot clusters, BEM coefficients’ the pilot pattern optimization.

estimation is not completely interference-free (see Remark 4) Fig. 13 shows that our proposed Huffman sequence based

which may affect the system BERs also. For such a case, aptimized pilot pattern indeed achieves better BER perfor-

mentioned in Remark 4, the maximization operation in (P2)mances for the above scenario, as compared to other sequences

will be done only over{ P—1) = 8 terms, i.e..x € {1,...,8}  with conventional pilot placement. Specifically, the SNR gain

in (P2). is about4 dB at a BER ofl0~2, as compared to other sequence
For the above system parameters, Fig. 12 shows the BERiIot based schemes.

performances of various sequence pilot based schemes after

pilot position optimziation. Clearly, the Huffman sequence

shows the best BER performance, with an SNR gain greater 2 ZadoltChu sequence
than 3 dB at a BER of1072, as compared to the other L $H“f'm"saque“°€
sequence based schemes. Furthermore, from Table I, it can s ]
be observed that the PAPR of the Huffman sequence is only

slightly higher than the Zadoff-Chu and Barker sequences, but § 107t **

its CE MSE and BER performances are comparatively much

better. In comparison, an impulse pilot cluster would have a ok *\\i
much higher PAPR ot1 in this case. ¢
10%E i i i i
10° 5 10 15 20 25 \>
—|—Barker sequence . . - SNR(dB) .
_____ Zadoff-Chu sequence Fig. 13: BER performances of various sequences, QPSK maalulat,,, .7 = 8.3 X
e $Huﬂman sequence 10~%, Q = 2, six multi-paths, number of sub-block8 = 3, block lengthN = 540,

efficiency = 90.56%.

:‘:::::::*::::::\

VII. CONCLUSION

In this paper, we have investigated sequence-based pilot de-
% signs for channel estimation (CE) in doubly-selective channels
(DSC). Specifically, we propose the use of low-PAPR Huffman

sequences for CE instead of the conventional high-PAPR

BER

10°

5 10 ) 20 & impulse pilots. We provide a detailed analysis of CE with
gi%-l 126i2 BERloperiormagces o{) varifousbsliquﬁgpces, SPble kmldmtulﬁ%aﬂ%; sequence-based pilots which gives useful insights into the pilot
.01, = s = o, humber ol sub-blocCi = 9, block lengt = , . .
efficiency = 66.67%, Proposed pilot placement after optimization. des'Qn process. Based on our anaIyS|s, we also propose a low-

. o , complexity pilot placement strategy to significantly improve
Finally, in Fig. 13, we consider the performance of oury,e cg. simulation results show that our proposed pilot design
proposed method for the ITU vehicular channel B model withg;g nificantly outperforms the conventional periodic pilots under

six multi-paths [45]. The symbol duratioif is taken to be \ajous Doppler scenarios, both in terms of CE mean square
2.77us (equivalently, a bandwidth 0360 KHz). The carrier 5.0 and bit error rates.

frequency f. = 2 GHz, mobility v = 162 km/hr, and the
maximum Doppler frequency,.. = 300 Hz. As a result, the
normalized Doppler valué,,..T = 8.3 x 10~* is very low,

and therefore) = 2, i.e., only(Q + 1) = 3 BEM coefficients The authors would like to thank the Editor and the anony-
suffice to model the channel. The transmission block ledgth mous reviewers for their insightful comments and suggestions.
Is taken to b&40 with 489 data symbols andl pilot symbols. Kushal Anand received his PhD from the School of Electrical

Thus, a h_'gh spectrgl efficienay = 90.56% is obtained. It is and Electronic Engineering (EEE), Nanyang Technological University
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TABLE I: Performances of various pilot sequences at an aee&gR of23 dB

Pilot cluster PAPR of pilot
Sequence Type Length7 Sequence CE MSE (dB) BER
for a sub-block cluster, eqn.(5)
1, —0.5506, 0.1516 + 0.9891¢,
Huffman by = | —0.6341 — 0.5446%, —0.1516 — 0.98914, [01x5,bm,01x5] —20.83 5.9x 1073 3.2
—0.5506, —1
1,0.6235 — 0.78184, —0.9010 — 0.43391,
Zadoff-Chu by = 0.6235 + 0.7818i, —0.9010 — 0.43394, [01x5,bz,01x5] —18.53 2.3 x 1072 2.42
0.6235 — 0.78184, 1
0.6457 4 0.763617, 0.6133 4+ 0.7899%, 0.6178 — 0.78631,
Barker bp = 0.8087 — 0.5882%, —0.2198 + 0.9755¢, [01x5,bB,01x5] —17.96 2.9 x 1072 2.42
| 0.9998 + 0.0223%, —0.8943 + 0.44741 |
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