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Abstract—In this paper, we present two novel blind chan-
nel estimation algorithms for OFDM systems based upon
the knowledge that the modulated and transmitted data
are confined to a finite alphabet set. The Minimum Im-
pulse Length (MIL) method exploits the correlations be-
tween adjacent subcarrier coefficients caused by time lim-
ited impulse responses and shows a very good estimation
performance. Unfortunately, MIL and most other Finite-
Alphabet based blind channel estimation approaches are
known to be extremely complex due to an exhaustive search
to be performed over a tremendous number of channel co-
efficient combinations. Our Clustered SubCarriers (CSC)
method, however, dramatically reduces this number of co-
efficient combinations to be checked without a significant
deterioration in estimation quality. Using bit error rates
(BERS), both algorithm are tested with simulations and
compared to other blind and nonblind channel estimators.

Keywords— OFDM, Blind Channel Estimation, Finite
Alphabet.

|.INTRODUCTION

In recent years, Orthogonal Frequency Division Mul-
tiplexing (OFDM) has become one of the most im-
portant techniques for high-rate wireless data transmis-
sion. Especialy, it has been proposed for the Euro-
pean HIPERLANY/2 standard and the American equiv-
alent IEEE802.11a, which are two similar concepts for
broadband wireless local area networks (WLAN) in the
5 GHz band.

Since these standards include coherent data demod-
ulation, the transmission channel has to be estimated.
Generdly, this is achieved by nonblind channel esti-
mators exploiting additionally transmitted training data.
Moreover, the training sequences have to be transmit-
ted periodically, since the channel in wireless applica
tionsnormally istimevariant. In order to increase band-
width efficiency, blind channel estimation, on the other
hand, is well motivated since it avoids the need of any
training data. The so-called Minimum Distance (MD)
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algorithm [1] is a blind estimator which is based on
the knowledge that the modulated and transmitted data
are confined to a finite aphabet set. In this paper, we
present the new Minimum Impulse Length (MIL) ap-
proach, which shows adlightly better estimation perfor-
mance than MD. However, both MIL and MD require an
enormous computational effort. In contrast, our Clus-
tered SubCarriers (CSC) scheme dramatically reduces
this effort without any significant deterioration in esti-
mation quality.

The paper is organized as follows: Section Il gives
an overview of the OFDM system. In section Ill, we
present our new blind channel estimation algorithms.
After showing some simulation resultsin section 1V, the
paper is concluded in section V.

[1.DATA TRANSMISSION IN OFDM SYSTEMS

Figure 1 shows the conventiona OFDM system
with Cyclic Prefix (CP). The CP of length N, larger
than the channel order ¢ avoids the received data
from being disturbed by inter-symbol (I1SI) or inter-
carrier interference (I1Cl). In the transmitter, the chan-
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Fig. 1. Conventional OFDM system with Cyclic Prefix

nel encoded information stream b(k) is serial-to-parallel
converted (S/P), interleaved (II;), modulated, and
assembled into so-called OFDM symbols d(i) :=
[do(i),d1(i),...,dn_1(i)]T of length N.
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After PIS conversion, the OFDM sequence! s(k) is
transmitted over the time discrete channel ¢(k) = (g *
e * he)(t)|=kr, Where x denotes convolution, 7" isthe
chip period, and g¢.(t), h.(t), and c.(t) are the time
continuous transmit and receive filters and the physical
channel, respectively. Under assumption that 1Cl and
ISl have been prevented from occurring (I, > ¢q), the
ith received OFDM symbol d (i) after S/P conversion is
calculated by

d(i) = Dcd(i) + (i), )
where D := diag[C(e%), C(eI¥),. .., C(el ¥ N=D)]
is a diagonal matrix with diagonal elements C(z,) :=
Y7, c(l)z;" evaluated at the subcarriers z, = ¢/ %"
for esch n€[0, N — 1] and n(i) represents Additive
Gaussian Noise (AGN) without CP and colored by the
receive filter h.(t). From (1) it is obvious that the chan-
nel influenceisreduced to one complex Rayleigh fading
factor (channel coefficient) on each subcarrier.

Since each OFDM symbol has to be demodulated co-
herently, the channel coefficients C/(p,) == C(e/ 7 ™)
have to be estimated. Therefore, let C(p,,) denote the
estimate of each subcarrier n which will be used to
equalize d,, (i)

d(i) = Ded(i), 2
where D := diagleg(i),e1(i),...,ex—1(i)] with
equalizer coefficients e, (i) = 1/C(p,). Finaly, each
OFDM symbol is de-interleaved (1), P/S converted,
and channel decoded into bits 4 (k). If channel de-
coding is based on soft values, it is important that the
demodulated bits of each subcarrier n are multiplied
with the channel state information |C(p,,)|* before de-
interleaving (not shown in Fig. 1).

[11.BLIND OFDM CHANNEL ESTIMATION

According to the PHY layer of HIPERLAN/2 and
IEEE802.114a, several OFDM symbols are combined to
bursts of different lengths. In case of nonblind channel
estimation, each burst is preceded by a preamble con-
sisting of two identical training symbols d,, ;.. (block
burst assembly —b.a. in Fig. 1) [2]. If, on the other hand,
the channel shall be estimated blindly, a burst only con-
tains information-bearing symbols increasing the band-
width efficiency.

In [3], Zhou et. d have proven that for any M-ary

'k=iN+mn, n€[0,N —1] definesthe chipindex, wheren

is the subcarrier index in frequency domain and i characterizes the
OFDM symbol index in time domain.
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modulation? there can be found avariable J < M (and
for large signal constellations J < M) which is suffi-
cient to eliminate the information of the received OFDM
symbol &(i). Concerning the complexity of Finite-
Alphabet based blind channel estimators, this fact plays
avery important role.

With E{d/ (i)} = C’(pn)E{d; (i)} and the replace-
ment of E{d? (i)} by consistent sample averages (over
I OFDM symbols), C”(p,,) is estimated as

-1
C'(pn) = —a- G > ci;{(z')> , n€,N-1], 3
=0

where E{-} denotes expectation value and a is a rea
valued constant whose calculation is described in [3].
Since the colored noise 7, (i) is zero-mean, eg. (3) also
holds in the noisy case.

Once we have obtained the estimates C”/(p,,) from
(3), the question arises how to find the correct channel
coefficients C(py,).

Minimum Impulse Length (MIL) approach

The fundamental idea of our Minimum Im-
pulse Length (MIL) algorithm is that there exists
only one estimate ¢(k) out of JV possible chan-
nel impulse responses which is not longer than
g + 1. Hence, with (3), MIL searches for the
shortest impulse response over al possible vectors
Ci = PolC(po)]M7, ., An=a[C7 (o) TE,
where ), € {e/7™}/~1 is a scalar ambiguity corre-
sponding to the Jth root, Vn.

After calculating the time domain vectorsé,, the cor-
rect channel estimate

N-1

¢ =argmin »  |& ()
c1 [=q+1

(4)

corresponds to the impulse response with minimum
mean power of the coefficients ¢, (k), k& > q.

However, the main drawback of MIL and MD [1] is
the exhaustive search to be performed over JV possi-
ble channel coefficient combinations. For QPSK modu-
lated signals (J = 4) transmitted over a HIPERLAN/2
or IEEE802.11achannd with N = 52 active subcarriers
this meansthat JV ~ 2 - 103'. Our new CSC approach
is mainly based on the idea of MD, but dramatically re-
duces the computational effort so that it will be possible
to apply a Finite-Alphabet based blind channel estima-
tor even to high-rate modulated OFDM systems.

2For BPSK (Binary Phase Shift Keying), QPSK (Quadrature

Phase Shift Keying), and 16-QAM (Quadrature Amplitude Keying)
M = 2,4, and 16, respectively.
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Clustered SubCarriers (CC) algorithm
Figure 2 shows the magnitude and phase of a typ-
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Fig. 2. Magnitude and phase of a channel transfer function

ical HIPERLANY/2 transfer function, where N = 64.
The lower subplot depicts a steady phase course,
except from the fading subcarriers n€ {6, 7, 30,31},
where phase discontinuities are obvious (dotted circles).
Hence, it must be possible to track the scalar ambiguity
A, Of adjacent channel coefficients by choosing their
minimum phase distances. This assumption is true as
long as no phase discontinuities appear. Figure 3 shows
the fading channel coefficients C(p,), n = 6, 7 (a) and
n = 30, 31 (b), and some of their neighbours accord-
ing to Fig. 2 in the complex z-plane (black circles). If

arg[C(p,)] /m =
Shbhbloro—

40 50 60

a) C(p,), n € [4.9] b) C(p,), n € [29,33]

1
00 33e
r 03 s 324
7o i 30
e 0 S o ok
§ 75‘, 3 "','»'-"".
-0.5 29
_—1 -0.5 0.5 05 0 05
Real - Real -

Fig. 3. Phase course of fading channel coefficients

we compare, for instance, the relation between C(p)
and C(ps) on the one hand and C'(ps) and C(p7) on
the other, it is clear that the closer the coefficients come
to the origin, the larger their phase differences can be,
even if the Euclidean distance remains constant. Un-
der assumption of BPSK modulated signals and starting
from C(pg), the choice of the minimum phase differ-
ence would lead to the wrong coefficient C'(pr) (empty
circle) instead of C(p7). Since this error influences all
further decisions, a correct estimation of C'(p,) will be
impossible. Fig. 3b indicates the same behaviour for
29 < n < 31. Therefore, we separated the transfer
function into T clusters consisting of L, v € [0, T —1],
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adjacent strong channel coefficients, whose magnitudes
are above a certain threshold &y, (see Fig. 2). Within
these clusters, phase discontinuities are very unlikely.
By exploiting the correlation between the adjacent chan-
nel coefficients, their minimum phase distances within
each cluster v are searched and the scalar ambiguity fac-
tors

Ccl(pv,u—l) - A[éj(pv,u)]l/J
WEML Ly 1], Ayo=1

Av,u = arg mgn

©®)

can be tracked from one coefficient to the other, where
écl(fov,u) = AU,H[CJ(pU,M)]l/J' Finaly, we col-
lect Cy(py ) in L, x 1 cluster vectors C,y, =
[Cet(pv.0)s - -+ Cet(po,r,—1)]T each containing only
one scalar ambiguity. Thus, the remaining ambiguities
can be resolved by searching over JT <« JV possi-
ble vectors Cy = [ACeo,---, A 1Cuy_1]". This
means that the computational effort of CSC does not
depend anymore on the total number of subcarriers. On
the contrary, it rather profits from as much as possible
subcarriers, since each cluster may contain more corre-
lated coefficients.

It must be mentioned that with a misadjusted thresh-
old d;p,,-, CSC might not correctly estimate C(p,,) when
phase discontinuities appear within clusters. Further-
more, al blind estimators come with an inherent re-
maining overall scalar ambiguity. This problem can
only be solved by the aid of pilot carriers [1].

IV.SIMULATION RESULTS

In this section, we compare the influence of blind and
nonblind channel estimators on the equalization of re-
ceived data through MONTE-CARLO simulations. With
regard to section 11, 2000 bursts, each consisting of 20
M-ary modulated OFDM symbols of length N, were
transmitted over atimeinvariant® Rayleigh fading chan-
nel of order ¢ for different signal-to-noise (SNR) ra-
tios ranging from 0 to 20 dB. In the nonblind case,
each burst is preceded by 2 identical training symboals,
while the blind estimators are based on I = 20 infor-
mation bearing OFDM symbols. By comparing the se-
quences b(k) and b(k) on the one hand and (¥) and
u(k") on the other, bit error rates (BERs) were calcu-
lated before and after channel decoding, respectively
(see Fig. 1), where a half-rate convolutional code with
constraint length L. = 5 was applied.

3The channel coefficients were changed from burst to burst so that
the channel is assumed to be time invariant over one burst period
only.
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Fig. 4. BERsbefore (a) and after channel decoding (b) for an “ideal”, nonblind (“REF"), and blind (“MIL”, “MD”, “CSC")
channel estimation with J = 2 (BPSK), N = 14, N, = 6, and ¢ = 3. Subplot (c) shows the computational effort of the

three blind channél estimators.

Figure 4 shows the BERs before (a) and after chan-
nel decoding (b) of BPSK (M = 2,J = 2) modulated
OFDM symbols with CP length IV, = 6 transmitted
over a Rayleigh fading channel of order ¢ = 3 with
N = 14 subcarriers for an “ideal”, nonblind (*REF"),
and blind (“MIL", “MD”, “CSC") channel estimation.
From subplots (a) and (b) it isobvious that al blind esti-
mators outperform the reference-based channel estima-
tion. While both MIL and MD nearly reach the perfor-
mance of the “estimator” with ideal channel knowledge,
CSC loses app. 2 dB in SNR after channel decoding.
Nevertheless, this is very remarkable, since, according
to subplot (c), CSC has to check about 500 times less
channel coefficient combinations than MIL or MD.

Figure 5 depicts the BERs for an “ideal”, nonblind
(“REF"), and blind (“CSC") estimation of a Rayleigh
fading channel with order ¢ = 2 (a) and ¢ = 6 (b) af-
ter channel decoding. Since we used a HIPERLAN/2
related system with QPSK (M = 4,J = 4) modu-
lated OFDM symbols, N = 52 subcarriers, and a CP
of length N, = 16, the investigation of MIL and MD
was impossible due to the enormous number of chan-
nel coefficient combinations (4°?) to be checked. The
comparison of subplots (&) and (b) shows that in the
nonblind case the system benefits from the increased
diversity gain caused by the higher channel order. On
the other hand, CSC dramatically deteriorates due to the
fact that the correlation of the transfer function’s coef-
ficients decreases with rising channel order, i.e., there
will be more and smaller clusters with a higher risk of
appearing phase discontinuities.

V.CONCLUSIONS

In this paper, we have presented two novel blind
channel estimation approaches for OFDM related sys-
tems. While MIL shows an excellent estimation per-
formance with high computationa effort, our new CSC
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Fig. 5. BERs after chan. decod. for a HIPERLAN/2 system
with J = 4 (QPSK), N = 52, N, = 16 and an “idedl”,
nonblind (“REF"), and blind (* CSC") estimation of a 3-
path (a) and a 7-path Rayleigh fading channel (b).

approach distinguishes through the fact that it enables
the application of Finite-Alphabet based blind channel
estimators even to high-rate modulated OFDM signals.
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