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SUMMARY

In this paper, channel estimation for Discrete Fourier Transform (DFT) precoded Orthogonal Frequency
Division Multiple Access (OFDMA) with block-interleaved subcarrier allocation per user, which is denoted
as Block-Interleaved Frequency Division Multiple Access (B-IFDMA), is considered. Recent investigations
are presented for new pilot insertion methods which exhibit different impact on the Peak-to-Average Power
Ratio (PAPR) of the transmit signal and offer different possibilities of positioning the pilots in frequency
domain. Each of these pilot insertion methods is combined with a corresponding algorithm to estimate the
Channel Variations in Frequency Domain (CVFD). The Channel Variations in Time Domain (CVTD) are
estimated by an improved Decision Directed Channel Estimation (DDCE) with joint iterative Wiener filtering
which reduces the error propagation by considering certain neighbouring symbols jointly in each iteration
step. The DDCE is compared to a Wiener interpolation filter for the estimation of CVTD. The combinations
of pilot insertion method, estimation algorithm for CVFD and CVTD are compared in terms of the PAPR
and the Mean Square Error (MSE) performance. Thereby, the impact of different pilot positions in frequency
domain and time domain is investigated. Copyright © 2010 John Wiley & Sons, Ltd.

1. INTRODUCTION

Within the ongoing research activities of future mobile ra-
dio systems, Discrete Fourier Transform Discrete Fourier
Transform (DFT) precoded Orthogonal Frequency Di-
vision Multiple Access Orthogonal Frequency Division
Multiple Access (OFDMA) is a candidate multiple ac-
cess scheme for the non-adaptive uplink transmission.
In this paper, the focus is on DFT precoded OFDMA
in which the data of a specific user are transmitted on
blocks of KF adjacent subcarriers that are equidistantly
distributed over the available bandwidth. This subcarrier
allocation in connection with a DFT precoding leads to
the so-called Block-Interleaved Frequency Division Mul-
tiple Access (B-IFDMA), as blocks of subcarriers as-
signed to different users are interleaved to each other

* Correspondence to: Anja Sohl, Communications Engineering Lab, Technische Universität Darmstadt, Merckstr. 25, Germany. E-mail: a.sohl@nt.tu-
darmstadt.de
†A previous version of this paper was presented in the 7th International Workshop on Multi-Carrier System & Solutions (MC-SS 2009), Herrsching,
Germany.

[1]. B-IFDMA is a generalisation of the well-known In-
terleaved Frequency Division Multiple Access (IFDMA),
where a block consists of a single subcarrier [2]. Due
to the blockwise allocation, B-IFDMA is assumed to
exhibit higher robustness against carrier frequency off-
sets than IFDMA and, at the same time, it maintains
the advantage of high frequency diversity. In terms of
channel estimation, another advantageous aspect of B-
IFDMA compared to IFDMA is the support of interpo-
lation in Frequency Domain (FD) within each block of
KF adjacent subcarriers. In Time Domain (TD), B-IFDMA
can be combined with an additional user separation via
a Time Division Multiple Access (TDMA) component.
During one TDMA slot, each user is assigned to K
successively transmitted B-IFDMA symbols. For each user,
this opens up the possibility to enter a micro sleep mode
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and to achieve considerable energy savings if K is small
compared to the interval between consecutive TDMA
slots [3].

In this paper, the B-IFDMA system with additional user
separation via a TDMA component is investigated in terms
of channel estimation issues. Our contributions include re-
cent investigations on different pilot insertion methods for
B-IFDMA. The first pilot insertion method keeps the or-
thogonality between pilots and data in FD and allows the
variation of the pilot positions in FD. The drawback of
this method is comprised in the increasing Peak-to-Average
Power Ratio (PAPR) of the transmit signal. Therefore, in
this paper, a new pilot insertion method is introduced which
is promising in terms of a low PAPR but destroys the or-
thogonality between pilots and data. The Channel Varia-
tions in Frequency Domain (CVFD) are estimated accord-
ing to different estimation algorithms for the respective
pilot insertion method. These pilot insertion methods and
their corresponding algorithms to estimate the CVFD can
be combined with different algorithms for the estimation
of the Channel Variations in Time Domain (CVTD). In
this paper, a conventional Wiener interpolation filter for
the estimation of CVTD is compared to a Decision Di-
rected Channel Estimation (DDCE). The DDCE principle
is well-known and has been presented for Orthogonal Fre-
quency Division Multiplexing (OFDM), e.g. amongst oth-
ers, in Reference [4] and for DFT precoded OFDM in Ref-
erence [5]. In this paper, DDCE with joint iterative Wiener
filtering is considered which aims at minimising the er-
ror propagation with the help of an iterative Wiener fil-
tering within each estimation step that is applied jointly to
a certain number of neighbouring B-IFDMA symbols [6].
Our contributions include the investigation of the differ-
ent combinations of pilot insertion methods and estima-
tion algorithms for CVFD and CVTD in terms of their
influence on the PAPR of the B-IFDMA transmit signal
and the Mean Square Error (MSE) performance. Further
on, the MSE performance is utilised to analyse the in-
fluence of pilot positioning in FD and TD on the over-
all estimation performance for B-IFDMA. Moreover, the
DDCE and the Wiener interpolation filter are compared in
terms of their respective benefits for the application to B-
IFDMA.

The paper is organised as follows. In Section 2, a system
model is presented for B-IFDMA. Section 3 introduces dif-
ferent pilot insertion methods and the respective estimation
algorithms to estimate the CVFD. In Section 4, the esti-
mation of the CVTD is addressed. Section 5 contains the
investigations on PAPR and MSE. Section 6 concludes the
investigations.

Table 1. Notations.

(·)∗ Conjugate complex of a vector / matrix
(·)T, (·)H Transpose, Hermitian of a vector / matrix

Diagonal matrix having the vector adiag{a}
as its main diagonal

�a� Nearest integer smaller than or equal to a
ā FD representation of the vector a

2. SYSTEM MODEL

In this section, a system model for B-IFDMA is presented.
In the following, all signals are represented by their discrete
time equivalents in the complex baseband. Vectors and ma-
trices are denoted by lower and upper case boldfaced letters,
respectively. Further notations used throughout this work
are given in Table 1.

Assuming a system with U users, the data symbols trans-
mitted by a user with index u at symbol rate 1/TS are
grouped into a vector d(u)

k = [d(u)
k,0, . . . , d

(u)
k,Q−1]T with index

k, k = 0, . . . , K − 1, denoting the index of the B-IFDMA
symbol. The data symbols d

(u)
k,q, q = 0, . . . , Q − 1 can be

taken from the alphabet of a modulation scheme like Phase
Shift Keying (PSK) or Quadrature Amplitude Modulation
(QAM), that is applied to coded or uncoded bits. The as-
signment of the data symbols d

(u)
k,q to the user specific set of

Q subcarriers can be described by a Q × Q DFT precoding
matrix FQ, an N × Q mapping matrix M(u) and an N × N

IDFT matrix FH
N , where N denotes the number of available

subcarriers in the system [3]. The mapping matrix M(u)

has to describe the allocation of Q/KF blocks each con-
sisting of KF adjacent subcarriers to the user with index u.
The mapping matrix M(u) is characterised by its elements
[M(u)]n,q, with n = 0, . . . , N − 1 and q = 0, . . . , Q − 1,
that are given by

[
M(u)

]
n,q

=
⎧⎨
⎩ 1 n =

⌊
q

KF

⌋
KF

(
N
Q

− 1
)

+ q + uKF

0 else
(1)

The resulting kth B-IFDMA symbol of user u consisting of
N chips at chip rate 1/TC = U/TS is given by

x(u)
k = FH

N · M(u) · FQ · d(u)
k =

[
x

(u)
k,0, . . . , x

(u)
k,N−1

]T
(2)

In order to avoid intersymbol and inter-carrier interfer-
ence, a Cyclic Prefix (CP) with NG elements is inserted
in-between successive B-IFDMA symbols. The result-
ing B-IFDMA signal is transmitted over a channel with
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impulse response h(u)
k and LC ≤ NG non-zero coefficients

h
(u)
k,l , l = 0, · · · , LC − 1, at chip rate. The channel is as-

sumed to be time-invariant during the transmission of one
B-IFDMA symbol. At the receiver, the CP is discarded
and the N × 1 vector r(u)

k = [r(u)
k,0, . . . , r

(u)
k,N−1]T contain-

ing the received B-IFDMA symbol is considered at the
Q allocated subcarriers. The transmission over the multi-
path channel can be described by a flat fading channel for
each allocated subcarrier in FD [7]. With the Q × 1 vec-
tors c̄(u)

k = [c̄(u)
k,0, . . . , c̄

(u)
k,Q−1]T, d̄(u)

k = [d̄(u)
k,0, . . . , d̄

(u)
k,Q−1]T

and v̄(u)
k = [v̄(u)

k,0, . . . , v̄
(u)
k,Q−1]T which contain the Q com-

plex channel transfer coefficients, the DFT elements of the
transmitted data symbols and the Additive White Gaussian
Noise (AWGN), respectively, corresponding to the Q sub-
carriers that are allocated to a user with index u in the B-
IFDMA symbol with index k, the received values on the Q
allocated subcarriers can be described by Equation [3].

ȳ(u)
k = M(u)H · FN · r(u)

k = diag{c̄(u)
k } · d̄(u)

k + v̄(u)
k (3)

3. ESTIMATION OF CHANNEL VARIATIONS
IN FREQUENCY DOMAIN

3.1. Introduction

In this section, the pilot assisted estimation of the CVFD
is presented. For this purpose, pilot symbols are inserted
within a single B-IFDMA symbol at the transmitter which
are used to estimate the CVFD. The estimation of the CVFD
refers to the estimation of the Q channel transfer factors of
the allocated subcarriers whereas the channel transfer fac-
tors of the remaining subcarriers in the system are disre-
garded for channel estimation. It is assumed that interpo-
lation in-between different blocks of KF subcarriers is not
feasible due to a distance larger than the coherence band-
width of the channel between neighbouring blocks. In the
following, two pilot insertion methods are introduced. For
each of these two methods, the signal generation for pilot
insertion and the algorithms for estimating the CVFD are
explained.

3.2. Subcarrierwise pilot insertion

3.2.1. Signal generation. For subcarrierwise pilot inser-
tion, a subset of QP subcarriers out of the total number
Q of subcarriers allocated to a certain user in the B-IFDMA
symbol with index k = κ is utilised for pilot transmission.
The remaining QD = Q − QP subcarriers are exploited by

Figure 1. (a) Equidistant and (b) marginal pilot insertion in FD.

transmitting data symbols within the κth B-IFDMA symbol.
For k = κ, the vector ρ(u) = [ρ(u)

0 , · · · , ρ(u)
QP−1]T of QP

pilot symbols with E{|ρ(u)
q |2} = σ2

P and the vector δ(u)
κ =

[d(u)
κ,0, · · · , d(u)

κ,QD−1]T of data symbols with E{|d(u)
κ,q|2} = σ2

D

are processed in parallel. The sequence ρ(u) of pilot sym-
bols is multiplied by a QP × QP DFT matrix FQP . The ele-
ments ρ̄(u)

qP
, qP = 0, . . . , QP − 1, of the resulting sequence

ρ̄(u) = FQP · ρ(u) of pilot symbols in FD are mapped onto a
subset consisting of QP subcarriers out of the total number
Q of subcarriers allocated to the user. In the following, two
different methods of pilot insertion in FD are presented.

Equidistant pilot insertion Within each block of KF sub-
carriers, every Ith subcarrier is used for pilot transmission.
That means, QP = Q

I
subcarriers are used for pilot trans-

mission where I is chosen such that QP ∈ Z. The elements
ρ̄(u)

qP
are transmitted on subcarriers with indices

η(qP) =
⌊

qP · I

KF

⌋
KF

(
N

Q
− 1

)
+ qP · I + u · KF (4)

which are denoted as pilot carrying subcarriers in the follow-
ing. In Figure 1(a), the equidistant pilot insertion is sketched
for I = 2.

Marginal pilot insertion Pilots are transmitted at the mar-
gins of each block of KF subcarriers, i.e. QP = 2Q

KF
sub-

carriers are used for pilot transmission. The elements ρ̄(u)
qP

,
qP = 0, . . . , QP − 1, are transmitted on subcarriers with in-
dices

η(qP) =
⌊

2qP

KF

⌋
KFN

Q
+ (qP mod 2) · (KF − 1) + uKF

(5)

The marginal pilot insertion is sketched in Figure 1(b).
The allocation of the elements ρ̄(u)

qP
, qP = 0, . . . , QP − 1,

to the pilot carrying subcarriers is performed by the appli-
cation of the pilot mapping matrix M(u)

P with the elements
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given by

[
M(u)

P

]
n,qP

=
{

1 n = η(qP)

0 else
(6)

for n = 0, . . . , N − 1 and qP = 0, . . . , QP − 1. Simulta-
neously, the sequence δ(u)

κ of data symbols is multiplied

by a QD × QD DFT matrix FQD . The elements d̄
(u)
κ,0, qD =

0, . . . , QD − 1, of the resulting sequence δ̄(u)
κ = FQD · δ(u)

κ

of data symbols in FD are transmitted on the remaining QD
non-pilot carrying subcarriers. The allocation of the ele-
ments d̄

(u)
κ,0 to the non-pilot carrying subcarriers is realised

by a data mapping matrix M(u)
D . The superposition of the

mapped pilot and mapped data symbols is multiplied by
an N × N IDFT matrix FH

N and the B-IFDMA symbol x(u)
κ

containing pilot and data symbols is given by

x(u)
κ = FH

N ·
(

M(u)
P · FQP · ρ(u) + M(u)

D · FQD · δ(u)
κ

)
(7)

Finally, x(u)
κ is expanded by a CP with NG elements and is

transmitted over the mobile radio channel.

3.2.2. Estimation algorithm. In this section, the channel
estimation algorithm is explained for the subcarrierwise pi-
lot insertion method.

At the receiver, the CP is discarded and the received B-
IFDMA symbol r(u)

κ is analysed at the pilot carrying sub-
carriers. Therefore, r(u)

κ is multiplied by the N × N DFT

matrix FN and the transpose M(u)T

P of the pilot mapping
matrix. Then, an estimate for the channel transfer factors of
the pilot carrying subcarriers in the B-IFDMA symbol with
index κ is determined by a Least Square (LS) estimation
and given by

[
ˆ̄c(u)
κ,0, . . . , ˆ̄c(u)

κ,QP−1

]T = diag
{

ρ̄(u)
}−1 · M(u)T

P · FN · r(u)
κ

(8)

[8]. The LS estimates ˆ̄c(u)
κ,qP

, qP = 0, . . . , QP − 1, which
correspond to the channel transfer factors of the pilot
carrying subcarriers are exploited to get estimates ˆ̄c(u)

κ,qD
,

qD = 0, . . . , QD − 1 for the channel transfer factors of the
remaining, non-pilot carrying subcarriers.

For this purpose, two different interpolation methods are
proposed in the following.

Wiener interpolation filter The Wiener interpolation fil-
ter is a Finite Impulse Response (FIR) filter with QPKF

Q
filter

coefficients that is applied to the LS estimates ˆ̄c(u)
κ,qP

within
each block of KF subcarriers. The filter coefficients are de-
rived such that the MSE between the estimated channel
transfer factors and the true channel transfer factor becomes
minimum [9, 10].

Finally, the LS estimates of the pilot carrying subcarriers
and the Wiener filter estimates of the non-pilot carrying

subcarriers are combined in the vector ˆ̄c
(u)
κ .

Repetition For the case, that there is only one pilot carry-
ing subcarrier per block of KF subcarriers, i.e. QP = Q

KF
,

the application of an interpolation filter is not feasible. Then,
the LS-estimate of the nearest pilot carrying subcarrier is
used for equalisation of the non-pilot carrying subcarriers
within the same block of KF subcarriers. Thus, the vector
ˆ̄c

(u)
κ containing the channel estimates for each allocated sub-

carrier within the B-IFDMA symbol with index κ is given
by

ˆ̄c
(u)
κ = [ˆ̄c(u)

κ,0, ˆ̄c(u)
κ,0, · · ·︸ ︷︷ ︸

KF-times

, · · · , ˆ̄c(u)
κ,QP−1, ˆ̄c(u)

κ,QP−1, . . .︸ ︷︷ ︸
KF-times

] . (9)

3.3. Chipwise pilot insertion

3.3.1. Signal generation. For chipwise pilot insertion, the
transmit vector of the B-IFDMA symbol with index k = κ

contains QP pilot symbols and QD = Q − QP data sym-
bols.

For k = κ, the Q × 1 vector ρ(u) =
[0, . . . , 0, ρ

(u)
0 , · · · , ρ(u)

QP−1]T of QP pilot sym-

bols with E{|ρ(u)
q |2} = σ2

P and the Q × 1 vector

δ(u)
κ = [d(u)

κ,0, · · · , d(u)
κ,QD−1, 0, . . . , 0]T of data symbols

with E{|d(u)
κ,q|2} = σ2

D are processed in parallel.

The superpositionρ(u) + δ(u)
κ of both vectors is multiplied

by the Q × Q DFT matrix FQ. The elements of the resulting
vector are mapped onto the Q block-interleaved subcarriers
in FD and transformed in TD via the N × N IDFT matrix
FH

N .
Thus, the sequence x(u)

κ containing multiplexed pilot and
data symbols is calculated by

x(u)
κ = FH

N · M(u) · FQ ·
(
ρ(u) + δ(u)

κ

)
(10)

That means, on each allocated subcarrier, a superposition
of pilot and data symbols in FD is transmitted. Due to the
chipwise pilot insertion, pilot and data symbols are not or-
thogonal in FD.

Copyright © 2010 John Wiley & Sons, Ltd. Eur. Trans. Telecomms. 2010; 21:417–425
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Finally, x(u)
κ is expanded by a CP with NG elements and

transmitted over the mobile radio channel.

3.3.2. Estimation algorithm. In this section, the channel
estimation algorithm is explained for the chipwise pilot in-
sertion method.

For that purpose, the received symbol r(u)
κ with index κ is

considered after removal of the CP. r(u)
κ is transformed into

FD by multiplication with the N × N DFT matrix FN and
multiplied by the transpose M(u)T

of the mapping matrix
which leads to the vector ȳ(u)

κ in FD that is given by

ȳ(u)
κ = M(u)T · FN · r(u)

κ

= diag{c̄(u)
κ } · FQ ·

(
ρ(u) + δ(u)

κ

)
+ v̄(u)

κ (11)

[ȳ(u)
κ ]e = diag

{
[c̄(u)

κ ]e

}
· [FQ]e,: ·

(
ρ(u) + δ(u)

κ

)
+ [v̄(u)

κ ]e

= diag
{

[c̄(u)
κ ]e

}
·
(

[FQ]e,QD+1:Q · [ρ(u)
0 , · · · , ρ(u)

QP−1]T + [FQ]e,1:QD · [d(u)
κ,0, · · · , d(u)

κ,QD−1]T
)

+ [v̄(u)
κ ]e (12)

[ȳ(u)
κ ]o = diag

{
[c̄(u)

κ ]o

}
· [FQ]o,: ·

(
ρ(u) + δ(u)

κ

)
+ [v̄(u)

κ ]o

= diag
{

[c̄(u)
κ ]o

}
·
(

[FQ]o,QD+1:Q · [ρ(u)
0 , · · · , ρ(u)

QP−1]T + [FQ]o,1:QD · [d(u)
κ,0, · · · , d(u)

κ,QD−1]T
)

+ [v̄(u)
κ ]o (13)

diag
{

[ˆ̄c(u)
κ ]e

}
= diag

{((
[FQ]e,1:QD

)H · diag{[ȳ(u)
κ ]e} − (

[FQ]o,1:QD

)H · diag{[ȳ(u)
κ ]o}

)−1 ·
[
ρ

(u)
0 , . . . , ρ

(u)
QP−1

]T
}−1

(14)

Let [a]e denote a vector containing the elements with even
indices of a vector a, i.e. [a]e = [a]0:2:end−2, and let [a]o
denote a vector containing the elements with odd indices of
a vector a, i.e. [a]o = [a]1:2:end−1.

Then, the vector ȳ(u)
κ can be separated into a vector [ȳ(u)

κ ]e
containing the elements corresponding to the subcarriers
with even indices and into a vector [ȳ(u)

κ ]o containing the
elements corresponding to the subcarriers with odd indices,
which are given in Equation (12) and (13), respectively. It
can be seen, that both vectors are dependent on the same
unknown data vector [d(u)

κ,0, . . . , d
(u)
κ,QD−1]T and the matri-

ces containing the unknown channel transfer factors. Thus,
Equation (12) and (13) can be combined in one equation
where the data vector [d(u)

κ,0, . . . , d
(u)
κ,QD−1]T is eliminated.

For the case that at least KF = 2 subcarriers per block are
available and under the assumption that there is only slight

variation between channel transfer factors corresponding to
neighbouring subcarriers, i.e. [c̄(u)

κ ]e ≈ [c̄(u)
κ ]o, an estimate

[ˆ̄c(u)
κ ]e can be found by solving Equation (12) and (13) for

[c̄(u)
κ ]e. The solution is shown in Equation (14) for the case

of negligible AWGN.

4. ESTIMATION OF CHANNEL VARIATIONS
IN TIME DOMAIN

4.1. Introduction

In this section, the pilot insertion for the estimation of the
CVTD is explained. In Section 3, the subcarrierwise and
chipwise pilot insertion have been introduced considering
a single B-IFDMA symbol. The presented methods can be

used to insert pilot symbols within P B-IFDMA symbols
with indices k = κ1, . . . , κP, in general. In the following,
the B-IFDMA symbols with indices k = κ1, . . . , κP are
referred to as pilot carrying B-IFDMA symbols, whereas
the B-IFDMA symbols with indices k �= κ1, . . . , κP are re-
ferred to as non-pilot carrying B-IFDMA symbols. It is
assumed that interpolation between neighbouring TDMA
slots of a certain user is not feasible due to a time interval
between consecutive TDMA slots that is much larger than
the coherence time of the channel. Therefore, in the fol-
lowing, a single TDMA slot consisting of K successively
transmitted B-IFDMA symbols is considered. Further on,
the following derivations refer to the signal of a single user
with index u and, thus, the user index is omitted for sim-
plicity reasons.

Copyright © 2010 John Wiley & Sons, Ltd. Eur. Trans. Telecomms. 2010; 21:417–425
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frequency

(a) (b)

time

K−T

frequency

time

K−T

Kf − Δf
... ...

Figure 2. Pilot allocation for subcarrierwise equidistant pilot in-
sertion in FD and (a) equidistant, (b) marginal pilot insertion with
P = 2 in TD.

4.2. Wiener interpolation filter

The CVTD are estimated by a Wiener interpolation filter
if P ≥ 2 B-IFDMA symbols are utilised for pilot transmis-
sion. In analogy to Section 3.2, the pilot carrying B-IFDMA
symbols can be allocated equidistantly within the K succes-
sively transmitted B-IFDMA symbols, cf. Figure 2(a), or at
the margins of the K B-IFDMA symbols,cf. Figure 2(b).

For the pilot carrying B-IFDMA symbols with indices
k = κ1, . . . , κP, the vectors ˆ̄cκ1 , . . . ,

ˆ̄cκP are available which
contain the channel transfer factors that are estimated ac-
cording to the subcarrierwise or chipwise pilot insertion,
respectively. The vectors of channel transfer factors for the
non-pilot carrying B-IFDMA symbols are derived by the
application of a Wiener interpolation filter to ˆ̄cκ1 , . . . ,

ˆ̄cκP

according to Reference [10].

4.3. Decision directed estimation

In this section, the estimation of the CVTD is explained for
DDCE with joint iterative Wiener filtering.

For the application of the proposed DDCE with joint it-
erative Wiener filtering only one pilot carrying B-IFDMA
symbol is required, i.e. P = 1, and, thus, the DDCE is
feasible where the application of Wiener interpolation fil-
tering fails. In Table 2, the basic method of the DDCE with
joint iterative Wiener filtering is outlined. It is applied after
the channel transfer factors have been determined for each
subcarrier, e.g. of the first symbol, via subcarrierwise pilot
insertion with repetition or Wiener interpolation or chip-
wise pilot insertion. For B-IFDMA, the DDCE principle
described in Reference [4] leads to a high noise amplifi-
cation with increasing number K of B-IFDMA symbols.
Therefore, we propose an algorithm where a Wiener filter
is applied to the decision directed estimates and the filtered
estimates are used iteratively for DDCE again. The innova-
tion compared to the algorithm presented in Reference [6]
comprises the joint iterative filtering of S decision directed
channel estimates related to S neighbouring B-IFDMA sym-
bols. In Table 2, the upper index denotes the iteration index
and the Wiener filter coefficients b−S+1, . . . , bS−1 are cal-
culated according to Reference [10].

Table 2. DDCE with iterative Wiener filtering.

1. Initialisation
Equalisation with ˆ̄c0

Estimation of transmitted symbols

→ ˆ̄d
(0)

1 , · · · , ˆ̄d
(0)

S

For k = 1, . . . , K − 1

2. Decision Directed Channel Estimation
ˆ̄c

(k)
k = ȳk

ˆ̄d
(k−1)
k

, · · · , ˆ̄c
(k)
e1

= ȳe1
ˆ̄d

(k−1)
e1

e1 =
{

S for k ≤ S/2
K − 1 for k > K − S/2 − 1
k + S/2 − 1 else

3. Wiener Filtering with S filter coefficients
˜̄ck =∑0

s=e2
bs · ˆ̄c

(k)
k−s + ∑e3

s=1 bs · ˜̄ck−s

e2 =
{

k − S
k + 1 − K
−S/2 + 1

e3 =
{

k − 1 , k ≤ S/2
S − K + k , k > K − S/2 − 1
S/2 else

4. Equalisation with ˜̄ck

Estimation of transmitted symbols

→ ˆ̄d
(k)

k+1, · · · , ˆ̄d
(k)

e1

end

5. PERFORMANCE ANALYSIS

5.1. Analysis assumptions

In this Section 5, the channel estimation approaches pre-
sented in Section 3 and Section 4 are analysed in terms of
their influence on the PAPR of the transmit signal and their
MSE performance. The results are obtained by computer
simulations and are valid for the parameters summarised in
Table 3.

Table 3. System parameters.

Carrier frequency f0 = 3.7 GHz
Bandwidth B = 40 MHz
No. of subcarriers N = 1024
Modulation QPSK
Coding Convolutional
Code rate,constraint length 1/2, 6
Decoder MaxLogMAP [11]
Equalizer Linear MMSE in FD [12]
Interleaving, depth Random, 0.5 ms
Guard interval duration TG = 3.2 μs
No. of B-IFDMA symbols K = 10
Channel model Typical Urban (COST 207) [13]
Coherence bandwidth Bcoh = 8�f
Pilot symbols CAZAC sequence [14]
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Figure 3. Cumulative Distribution Function (CDF) of the PAPR
in case of (a) chipwise and (b) subcarrierwise pilot insertion
with interpolation depth I = 2 for Q = 32 and (1.1)(2.1) KF = 2,
(1.2)(2.2) KF = 4 and (1.3)(2.3) KF = 8.

5.2. Peak-to-average power ratio

The PAPR per pilot carrying B-IFDMA symbol represents
the ratio between the peak power and the average power
within one pilot carrying B-IFDMA symbol and is defined
for n = −NG, . . . , N + NG − 1 as

PAPR = max
n

{
|x(u)

κ,n|2
E{|x(u)

κ,n|2}

}
(15)

[15]. In Figure 3, the CDF of the PAPR per pilot carrying B-
IFDMA symbol is presented in dependency of the PAPR in
dB. The CDF describes the probability that the PAPR takes
a value less than or equal to a certain realisation of the PAPR
which is denoted by PAPR. Figure 3 shows the CDF of the
PAPR in case of subcarrierwise and chipwise pilot insertion
with I = 2 and Q = 32 allocated subcarriers per user. For
the block size, the values KF = 2, 4, 8 are investigated.

It can be seen that for KF = 2, the PAPR is identical for
subcarrierwise and for chipwise pilot insertion. For subcar-
rierwise pilot insertion, the transmit signal consists of the
summation of two signals each with KF = 1 subcarrier per
block, i.e. the superposition of two IFDMA signals is trans-
mitted. From this it can be deduced that the summation of
two IFDMA signals exhibits the same PAPR as a B-IFDMA
signal with KF = 2 subcarriers per block.

If the blocksize is increased, the chipwise pilot insertion
exhibits a maximum PAPR that is considerably lower than
the maximum PAPR for subcarrierwise pilot insertion. That
means, the chipwise pilot insertion is beneficial for block-
sizes KF > 2.

5.3. Mean square error

In this section, the performance of the estimation algorithms
introduced in Section 3 and in Section 4 are investigated in
terms of their MSE performance. The MSE is defined as

MSE = 1

Q · K

K−1∑
k=0

‖ˆ̄c
(u)
k − c̄(u)

k ‖2
2

(16)

In Figure 4(a)–(c), the MSE is presented in dependency of
the Signal-to-Noise Ratio (SNR) which is given as a loga-
rithmic value of the ratio between the energy EB that is spent
per useful data bit and the noise power N0. The calculation
of the SNR takes into account the overhead due to channel
coding and insertion of CP. Further on, the SNR degrada-
tion due to pilot symbol insertion is included in the SNR
[16]. The presented curves are obtained from Monte-Carlo
simulations whose results are averaged over 1000 simula-
tion runs. In FD, every second subcarrier is used for pilot
transmission (QP = Q/2). In TD, P = 2 pilot carrying B-
IFDMA symbols are utilised for Wiener interpolation filter-
ing and P = 1 pilot carrying B-IFDMA symbol is utilised
for DDCE. Table 4 gives an overview of the presented

Figure 4. Comparison of (a) chipwise pilot insertion and subcarrierwise pilot insertion with repetition for the estimation of CVFD,
(b) different pilot positions in FD and TD, (c) DDCE and Wiener interpolation filtering for the estimation of CVTD.
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Table 4. MSE result overview.

Time domain Frequency domain

Subcarrier + Wiener

Chipwise Subcarrier + Repetition Marginal Equidistant

DDCE (1.1) in Figure 4(a) (2.1) in Figure 4(a), Figure 4(c) (3.1) in Figure 4(c) -
marginal (1.2) in Figure 4(a) (2.2) in Figure 4(a), Figure 4(c) (3.2) in Figure 4(b), Figure 4(c) (4.2) in Figure 4(b)

Wiener equidistant - - (3.3) in Figure 4(b) (4.3) in Figure 4(b)

results and shows the combinations of estimation algorithms
for CVFD and CVTD. The presented results are valid for
Q = 16 allocated subcarriers and a velocity ofv = 40 km/h.

In Figure 4(a) the number of subcarriers per block is
KF = 2. The chipwise pilot insertion with its correspond-
ing channel estimation algorithm is compared to the sub-
carrierwise pilot insertion with repetition. Therefore, both
algorithms for the estimation of CVFD are combined with
DDCE and Wiener interpolation filtering for the estimation
of CVTD, respectively. It can be seen, that the performance
of chipwise pilot insertion is very poor. The reason for that
can be found in the double inversion in Equation (14). If
the matrices that have to be inverted are ill-conditioned, the
solution of the system of equations loses precision. Never-
theless, it can be stated that the application of DDCE for the
estimation of CVTD improves the performance of chipwise
pilot insertion significantly compared to the combination
with Wiener filtering.

Figure 4(b) presents the influence of the pilot positions
in FD and TD for the case that Wiener filtering is applied
for the estimation of CVFD and CVTD. The blocksize is
chosen as KF = 4 in this case. It can be seen that the case
with marginal pilot insertion in FD and TD shows the best
performance. The case with equidistant pilot insertion in
FD and TD performs worst although the distance between
neighbouring pilots is smaller than for the marginal inser-
tion. This effect is observable even for larger blocksizes
if the marginal pilot insertion fulfils the sampling theorem
in FD. For higher velocities, the performance gain of the
marginal pilot insertion even increases.

In Figure 4(c), the DDCE is compared to the Wiener in-
terpolation filter for the estimation of CVTD. It can be seen
that for subcarrierwise pilot insertion with repetition, the
DDCE clearly outperforms the Wiener interpolation filter.
Due to the joint iterative filtering of the decision directed es-
timates, estimation errors caused by the estimation of CVFD
can be mitigated by the application of DDCE. For the case
that Wiener interpolation is applied for the estimation of
CVFD, the Wiener interpolation for the estimation of CVTD

slightly outperforms the DDCE. It can be stated, that DDCE
is advantageous in cases of poor estimation performance for
CVFD as it mitigates errors. Further investigations, which
are not shown in this paper due to space limitations, have
shown, that the reduction of the number QP of pilot sym-
bols in FD leads to tremendous performance gains of DDCE
compared to Wiener filtering.

6. CONCLUSION

It has been shown for B-IFDMA that chipwise pilot in-
sertion provides lower PAPR than subcarrierwise pilot in-
sertion for blocksizes KF > 2, but exhibits a clearly worse
estimation performance in combination with the applied es-
timation algorithm. For subcarrierwise pilot insertion with
Wiener interpolation filtering for the estimation of CVFD
and CVTD, the best estimation performance is achieved if
the pilots are placed at the margins of the blocks of sub-
carriers in FD and at the margins of the TDMA slot in TD.
Further, it has been shown, that DDCE improves the es-
timation performance tremendously compared to Wiener
interpolation for the estimation of CVTD if the estimation
performance for the estimation of CVFD is degraded.
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