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Abstract—In this paper, the Interleaved Frequency Division
Multiple Access (IFDMA) scheme is considered as a special
case of Discrete Fourier Transform (DFT)-precoded Orthogonal
Frequency Division Multiple Access (OFDMA) with interleaved
subcarrier allocation. The redundancy that is characteristic for
an IFDMA-signal is exploited in order to estimate the channel
without pilot symbols and, thus, overcome the drawback of
increased pilot symbol overhead that arises for IFDMA-systems.
Two well-known blind channel estimation algorithms based on
Second Order Statistics (SOS) are adapted to the application in
an IFDMA-system and compared in terms of performance and
convergence. Further on, the influence of multi-user transmission
is illustrated for the two proposed blind channel estimation
algorithms and the differences between multi-user uplink and
downlink transmission in terms of channel estimation perfor-
mance are investigated and emphasized by numerical results.

I. INTRODUCTION

At present, research activities for beyond 3rd generation of
mobile radio systems are in progress worldwide. Orthogonal
Frequency Division Multiple Access (OFDMA) is a candidate
Multiple Access (MA) scheme due to its favorable properties
that have been described e.g. in [1]. The application of Discrete
Fourier Transform (DFT) precoding to OFDMA leads to a
combination of most of the advantages of OFDMA with a low
Peak-to-Average Power Ratio (PAPR) of the transmit signal
[2], [3]. In this work, the focus will be on DFT-precoded
OFDMA with interleaved subcarrier allocation resulting in the
well known Interleaved Frequency Division Multiple Access
(IFDMA) scheme [4], [5].

For IFDMA, a set of subcarriers that are equidistantly dis-
tributed over the available bandwidth is assigned to each
user. Due to the distributed subcarriers, IFDMA provides
high frequency diversity [6]. In Time Domain (TD), the
IFDMA signal can be described as a compression, repetition
and subsequent user dependent phase rotation of blocks of
modulated signals [4]. Thus, there exists a very efficient imple-
mentation for signal generation in TD for IFDMA. Compared
to other DFT-precoded OFDMA schemes, IFDMA provides
the lowest PAPR and, thus, enables the application of low cost
amplifiers [7]. Nevertheless, in terms of Channel Estimation
(CE) for IFDMA, especially for low data rates, interpolation
in Frequency Domain (FD) between the distributed subcarriers
allocated to a specific user is not possible due to the large
distance between adjacent subcarriers [8]. This means, that
one IFDMA-symbol has to be used for pilot transmission
in order to get an estimate of the channel transfer factor of
each subcarrier assigned to a specific user [8]. The missing

possibility of interpolation in FD even for channels with low
frequency selectivity, i.e. a small delay spread in TD, leads
to an increasing pilot symbol overhead concerning CE for
IFDMA [9].

In order to reduce the pilot symbol overhead, CE without
using any pilot symbols, so called blind CE, is an appropriate
approach. Several methods based on Second Order Statistics
(SOS) have been introduced for single-carrier systems so far,
e.g. [10]-[12]. Moreover, these methods have been extended
to the application in an OFDM system, e.g. [13], [14]. SOS
algorithms are principally based on redundancy existent in the
receive signal. This redundancy can be introduced either at the
transmitter via a specific precoding [11], [14], or at the receiver
via an oversampling of the signal [10]. Due to the IFDMA
signal generation by compression and repetition of modulated
data blocks, redundancy is inherent to the IFDMA-signal.
Thus, SOS algorithms are applicable without any modification
of the transmitter or receiver in an IFDMA system.

In this paper, two SOS based blind CE algorithms based upon
[11]-[13] are deduced for an IFDMA-signal and compared
in terms of performance and convergence for the case that
the signal of a single user is considered. Further on, the
influence of multi-user transmission on the two proposed
algorithms is derived and investigated for both an uplink and a
downlink scenario. The differences between multi-user uplink
and downlink transmission are identified and illustrated by
numerical results.

This paper is organized as follows. In Section II, the IFDMA
system model is described. In Section III, two SOS based
algorithms are derived for IFDMA. Further on, the influence
of multi-user transmission is derived for uplink and downlink
transmission. In Section IV, numerical results illustrating the
differences between both algorithms and the influence of
multi-user transmission are discussed. Section V concludes the

work.
II. IFDMA SYSTEM MODEL

In this section, a system model for IFDMA will be derived
in TD. In the following, all signals are represented by their
discrete time equivalents in the complex baseband. Vectors and
matrices are denoted by lower and upper case boldfaced letters,
respectively. Further notations used throughout this work are
given in Table L.

Assuming a system with U users, let

Ad@ (k) = [d" (k). 32 (k)" (1)
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denote the kth block, £ = 1,---, K, of () data symbols
dt(lu)(k)7 g = 0,---,Q — 1, transmitted at symbol rate
1/Ts by a user with index w, u = 0,---,U — 1. The
data symbols d((lu)(k) can be taken from the alphabet of a
modulation scheme like Phase Shift Keying (PSK) and are
assumed to be i.i.d. with zero-mean. An IFDMA-symbol is
obtained by L,-fold compression of the block d (k), with
L, = C/Q and C the number of available subcarriers in
the system. The block of compressed data symbols is denoted
by wt) (k) = [wg" (k). -, wi (k)] with E{Jug” (k)]*} =
2. Subsequently, w(*) (k) is repeated L,-times. In order to
avoid inter-block and inter-carrier interference, each IFDMA-
symbol is preceded by a Cyclic Prefix (CP) that corresponds to
an L -fold repetition of the compressed block with (L,Q) € Z
[4]. The vector of L = (L, + Lg,)-times repeated blocks is
multiplied by a user dependent phase shift matrix & =
diag(exp{—j-0-¢™},exp{—j-1-")}, - Jexp{—j - (LQ—
1) - 1), with ) = 4 - 27/C. Thus, the resulting kth
IFDMA-symbol of user u including CP is given by

xWk) = 9. [ wWk), -, wOE)T. @
L—times

The IFDMA signal x(*)(k) is transmitted over a channel

h( with M < Q non-zero coefficients b, m = 0,--- , M —

1, at rate L, /Ts. The channel is assumed to be time-invariant.
The kth IFDMA-symbol x(*) (k) = [z§" (k), -~ , 2t} (k)]
of user u after transmission over the channel h(*) and
distortion by the Additive White Gaussian Noise (AWGN)
n (k) = [néu)(k),~-- ,n(Lu)Qfl(k)] with variance o2 can
be split into I blocks with @ elements, ie. r(®(k) =
e k), 28 (k)]T, and is given by

W (k-1
(u) W . g . W (k-1) (w)
r( (k) HY . {W(u)(k) ]+n k), (3)
with
IR
F _ 9 HY o HY o "
: 0
o - o HY ¥

Héu) denotes the @ x @ Toeplitz matrix with first column
[hé"), . hx;)—p 0,...,0]7 and first row [hé“),O7 ey 0] H%")
denotes the @ x @ Toeplitz matrix with first column [0, ..., 0]
and first row [0, ..., 0, hg\l/}ll, ...,hg“)]. The matrix @) con-
tains the user dependent phase shift and is given by

" 0
o &
ew=1| o & |, 5)
N A

with ®{") = diag(¢\), ... o\'_,) = diag(exp{—j - (i - Q) -
WY exp{—j-(i-Q+Q—1)- ™) fori=0,..,L—1.

TABLE I

NOTATIONS
(* Conjugate complex of a vector / matrix
)T Transpose of a vector / matrix
(HH Hermitian of a vector / matrix
E{-} Expectation of a vector / matrix
diag{a} Diagonal matrix having the vector a as its main diagonal
I, v X v identity matrix

In a system with U users, the total received signal is given by
the superposition of the U users’ signals. In an uplink scenario
the received signal at the base station is given by

U-1

Wk —1)
w
yk=§:<H(“>-®<U>[ " D+nk. (6)
( ) —~ W( )(k) ( )
In a downlink scenario, the received signal at the mobile
station of user u; is given by

y () (k) = HO) Uz_:l (@w) . [VWVEZ;EZ; UD F (k)

u=0
(M
as the superposition of signals transmitted to different users
experiences the same Channel Impulse Response (CIR) in
downlink considering the received signal at the mobile station
of a given user.

For U < L, the U users’ signals are orthogonal to each
other and due to CP insertion, maintain the orthogonality even
for transmission over a multipath channel [4]. Thus, the signal
of user u can be separated from the other users’ signals at the
receiver in FD by extracting the @) subcarriers allocated to
user u. The CP of the received signal cannot be separated into
U parts due to lack of orthogonality.

III. SOS BASED BLIND CE FOR IFDMA

In this section, the application of two SOS based blind
CE algorithms in an IFDMA system is investigated. The first
one, denoted as Correlation Based Approach in the following,
is based on [11] and exploits the information about the
CIR that is inherent to the autocorrelation function of the
received signal. The second one, denoted as Subspace Based
Approach, is rested on [12] and [13] and takes advantage of
the orthogonality between signal and noise subspace. Both
approaches are introduced for a single-user scenario (U = 1)
in order to emphasize the principle of the approach. Further on,
the influence of multiple users (U > 1) on the Correlation and
Subspace Based Approach is derived for an up- and a downlink
scenario, respectively. In the following, the CP is assumed to
consist of L, = 1 repetition of w(*) (k) as the channel contains
M < (@ non-zero coefficients. This restriction is made, as
for M > @, the CIR is only identifiable with ambiguity for
both approaches. In the following, OJ denotes elements of no
relevance for the sequel and the user index w is omitted for
the single-user case due to simplicity matters.

A. Correlation Based Approach

1) Single-User Scenario: The proposed Correlation Based
Approach is applied to the IFDMA signal of one specific
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user. The autocorrelation matrix R, = E{r(k)-r(k)"} of the
received kth IFDMA-symbol r(k) is given by

R, = H 002 I,0-0%.HY + 62.1;
HoHE + HiHY O---0
(Ho®1 + H1®) - B HY Q---0
=05 . . ®)
(H()@Lfl + Hl‘I)L,Q) . ‘I)(})IHSI O...d
+O'72¢'ILQ .

The autocorrelation matrix contains (L —1)-times the matrices

(Ho®; + H1®i_1) - BIHE =

ho - hg - dio- 950 U [
hy - hg - dio- 950 U O
*I . . . 9)
haror-hy-Gio- 5o O -+ O
0 O ... O
| 0 O .- O]

fori =1,...,L — 1 and, thus, (L — 1)-times the information
about h. The CIR can be calculated by

—1 L—-1
=D g {Zm,o Gl ro(b)” ~ri<k>} - (10)

2 h*
o2 h
w'’0 i=1

Thus, an estimate for the CIR within a complex scalar am-
biguity, that is inherent to all blind estimation techniques, is
given by

R (L* 1),1 K—-1L-1
he="eage 2 2 bi0 5ol (k) wilk) (D)
w k=0 i=1

with K the number of IFDMA-symbols used to estimate the
autocorrelation function at the receiver.

2) Multi-User Uplink Scenario: For U > 1 in the uplink,
the received signal of the considered user u; is separated from
the other users’ signals at the base station in order to estimate
the corresponding CIR h(“1), As the CP of user u; cannot be
separated from the other users’ CP, the signal of user u; at
the base station is given by

f-(ul)(k) —Hw).@u). [W("l)(k —1), W("l)(k)]T

H" HY 0 -0
U-1 0 0 o0
+ ¥ (12)
u=0 : . . .
A 0 - 0 0 0

O [wi (k — 1), w™ (k)]") +n(k) .

The autocorrelation matrix R, = E{#(1) (k) . (1) ()T} of
#(“1) (k) yields

o2 - (M2 + M) 0.0

. U-1 0 0---0
R, =R, + Z . .. . )
u=0 : U
UL 0 0---0
(13)

as E{w(") (k) - w(2)(k)H} = 0, for u; # wup. Thus, the
additive term solely influences the part of the autocorrelation
matrix R, that is not used for the estimation of h(*t) ac-
cording to (11) and the estimate B&ul) is not disturbed by
multi-user transmission in the uplink.

3) Multi-User Downlink Scenario: For U > 1 in the
downlink, the signals of the U users experience the same CIR
h(“1). As in the uplink scenario, the U users’ signals can be
separated except the CP. As shown in (13), the additive term
caused by multi-user transmission does not affect the CE for
the user under consideration. This is also valid for a downlink
scenario.

B. Subspace Based Approach

1) Single-User Scenario: In order to apply the proposed
Subspace Based Approach to the IFDMA signal of a user
under consideration, three blocks of length @) of the received
signal are considered. The last block ry_;(k — 1) of the
previous IFDMA-symbol and the first two blocks ro(k) and
ri(k) of the current IFDMA-symbol can be expressed as

rs(k)=[ro_1(k —1),ro(k), r1(k)]"

Hi Ho O 0 $L72 g
=| 0 Hy Hy O %_1 ®
0 0 Hi Ho 0 (I)(l) (14)

Jw(k = 1), w(k)]" +ng(k) .

The autocorrelation matrix R,., = E{rg(k)-rs(k)"} of rs(k)
is given by

R, =H - ©-02 I,n-O" H" 4062 . I . (15

It is straightforward from the derivations in [12], that H is full
column rank if no channel zero is located on the subcarriers
in FD. Provided this, the matrix I:IéUiIQQ OHHHY has rank
2@ and describes the noise-free case. The matrix R, has
dimension 3Q x 3@ and, thus, in the noise-free case, cannot
be full rank. L.e., for the noisy case, signal and noise subspace
can be separated by an eigenvalue decomposition of R,_. The
@ eigenvectors corresponding to the () smallest eigenvalues
are assumed to span the noise subspace. A detailed derivation
of identifying signal and noise subspace can be found in [12].
Let go,--- ,80—1 denote the eigenvectors of R, that span
the noise subspace. Then, due to orthogonality between signal
and noise subspace, the following equation must hold:

gl H.@&=0, 0<n<Q-1, (16)
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as the signal subspace is spanned by H-O. Since there are only
estimates g, of g,, available, (16) is solved in the least-square
sense and, thus, the following equation is to be minimized:

Q-1
d g
n=0

In order to explicitly represent (17) as a function of h, the
matrices G,, composed of g,,, that fulfill

nH-O|? (17)

h.g,-@=0, 0<n<Q-1, (18)

have to be found. The transformation of g!! into the matrix
_C’;n will not be explained in this work, as the main principle is
identical to the transformation explained in [12] or [13]. It has
also been shown in principle in [12], that an estimate fls of
h can be found by minimizing Zg;ol | b .G, - © || under
the constraint || h ||= 1. This yields, that hg is (up to a scalar
complex ambiguity) the unit- norm elgenvector corresponding
to the smallest eigenvalue of ZW 0 gn 0. .61. QH

2) Multi-User Uplink Scenario: In the case of a multi-user
uplink scenario, the separated received signal of the considered
user u; at the base station still including the CP parts of the
other users’ signals is given by

f‘_(gul)(k) — H) . @) . [W(m)(k — 1)7W(u1)(k)}T
0 0
Sl e e o || ®
0 T HT 0 T L
f\lo o o o) 9
W (k- 1), w® ()] ") + ng (k) .
(19)

The autocorrelation matrix R{"") = E{fg“)(k) ~(“1 ) (k )}
is given by

S () plun) | o R 0 (u)20 ()2 0
R, =R, +oy- Z 0 |H1 ‘ +‘H0 | 0
L0 0 0

(20)

It becomes clear, that the signal subspace is no longer exclu-
sively spanned by the matrix H®) . ©®1) a5 in (15), but
additionally by the sum of the U users autocorrelated CP part
of the signal. L.e., the identification of h(“1) with the help of
(16) is distorted by the signals of the additional users in the
system.

3) Multi-User Downlink Scenario: In the case of a multi-
user downlink scenario, the received signal of user u; prior to
the application of user separation can be expressed as

(w1 (U U-1 = (w W(u) kE—1 w1
(21)

E{r{ (k) - 5 (k)H}

The autocorrelation matrix R(ul)
of ") (k) is given by

TABLE II
SYSTEM PARAMETERS
Carrier Frequency 3.7 GHz
Bandwidth 40 MHz
No. of Subcarriers 1024
Modulation QPSK
x - U-1 _ (u)(k _ 1)
R — plHM) . ow. W
= 50" k)
= u W(U)(kil) H~ up)H 2
.(ugo oW '[w(“)(k) HED) 4 02 T30 22)

~ U-1,. ~ H ~ H
' (U (@<u> .OW ) CHED" 621, .
u=0
Thus, in a multi-user downlink scenario, the CIR h(“1) can be
estimated as described in Section III-B1 by considering the
received signal prior to user separation and replacmg ® by

the sum of user dependent phase shift matrices Z G)(”)

IV. SIMULATION RESULTS

In this section, simulation results are given for the Correla-
tion and the Subspace Based Approach. For both approaches,
the influence of multiple users is investigated for the up- and
downlink of an IFDMA-system. The parameters used for the
simulations are given in Table II. The signal is transmitted over
a time-invariant multi-path channel with M = 5 coefficients
with a maximum delay 7,,,, = 125 ns and an exponential
decrease of power. The results are valid for the assumption that
the maximum delay 7,,,, and the scalar ambiguity inherent
to the estimates fl(g/)s are known at the receiver. In Fig. 1, the

Mean Square Error (MSE) between the estimated CIR fl(g/)s
and the true CIR h(*) normahzed by the number of channel
coefficients, i.e. MSE =|| hC/S h(® ||2/M, is given as a
result of 500 channel realizations. Further on, 02 = 1 and
@@ = 8 corresponds to a bit rate of 0.625 Mbit/s, Q =16 to
1.25 Mbit/s and Q = 32 to 2.5 Mbit/s.

In Fig. 1(a), the convergence of the MSE is compared for the
Correlation and Subspace Based Approach for E /Ny = 25
dB in case of a single-user scenario. For the Correlation Based
Approach, the MSE converges to MSE ~ 0.19 for K < 10
IFDMA-symbols used to estimate the autocorrelation of the
received signal. This is due to the additional averaging over L
repetitions as described in Section III-A1l. The bit rate, only
slighty influences the MSE. For the Subspace Based Approach
it is obvious, that the lower () the faster the convergence. E.g.,
for Q = 8, the MSE reduces to MSE = 0.001 for K = 100
IFDMA-symbols. For K < 10, the MSE is not converging
at all and, therefore, the results are omitted. Compared to the
Correlation Based Approach, lower MSE-values are achievable
for the Subspace Based Approach at the expense of the speed
of convergence for E5/Ny = 25 dB.

In Fig. 1(b), the MSE is depicted in dependency of E/Ny
for the Correlation Based Approach for different data rates.
Additionally, for @ = 8, the MSE is given for U =
users for up- and downlink transmission, respectively. The
number K of IFDMA-symbols is chosen such that the relation
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Fig. 1.

(a) MSE vs. K for Correlation and Subspace Based Approaches in dependency of Q at Es/No = 25 dB, (b) MSE vs. Es /Ny for the Correlation

Based Approach in dependency of @ with U = 1 and in dependency of U for uplink (UL) and downlink (DL) scenarios with @ = 8 (c) MSE vs. Es/Ng
for the Subspace Based Approach in dependency of @ with U = 1 and in dependency of U for uplink (UL) and downlink (DL) with @ = 8.

Q/K = 0.08 holds true for each value of @) and the MSE
is only dependent on F;/Ny. Again, the data rate has only
slight impact on the MSE for the Correlation Based Approach.
Moreover, the MSE is nearly independent of E,/Ny because
the estimate given in (11) is not affected by AWGN. Further
on, it is shown that the number of users hardly influences the
performance, as it has been derived in Section III-A2.
In Fig. 1(c), the MSE for the Subspace Based Approach is
investigated with the same parameters as the MSE for the
Correlation Based Approach in Fig. 1(b). The MSE shows the
particular behavior of subspace methods, i.e., high MSE for
high noise powers and an MSE that tends to zero for low noise
powers, as signal and noise subspace are ideally separable in
this case. Thus, for E5/Ny > 15 dB, the Subspace Based
Approach outperforms the Correlation Based Approach (cf.
Fig. 1(b)). For Es/Ny > 15 dB, the MSE for the Subspace
Based Approach is the lower the higher the value of . This
is due to the assumption, that the number M of channel
coefficients is known. Therefore, the higher (), the more
coefficients only consisting of noise are discarded. In case
of multi-user transmission, the MSE is degraded if the signals
of more than one user are transmitted in the uplink. It holds
true, that the higher the number of users in the system the
poorer the performance. Nevertheless, for E,/Ny > 25 dB,
the Subspace Based Approach with U = 4 users shows the
same performance as the Correlation Based Approach (cf. Fig.
1(b)). In contrast to that, in downlink, the MSE of the Subspace
Based Approach improves with increasing number of users
as the energy of the total received signal is increased and,
therefore, the identifiability of signal and noise subspace is
improved especially for low E/Ny.
V. CONCLUSION

Two SOS based blind CE algorithms, the Correlation and
the Subspace Based Approach, have been applied to IFDMA.
Furthermore, the two approaches have been investigated re-
garding multi-user transmission for an uplink and a downlink
scenario. It has been shown, that the performance of the
Correlation Based Approach is nearly independent of the
signal-to-noise ratio and the bit rate and is not influenced
by multi-user transmission neither in uplink nor in downlink.
Moreover, the algorithm converges very fast compared to
the Subspace Based Approach whose convergences is greatly

influenced by the bit rate. Additionally, a high number of
users in an uplink scenario degrades the performance of
the Subspace Based Approach whereas in the downlink, the
signal of additional users can be exploited to improve the CE
performance. Although the Subspace Based Approach shows
slow convergence and poor performance at low signal-to-noise

ratios, it exhibits best results for high signal-to-noise ratios.
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