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Abstract—We  develop a reduced-complexity hybrid
frequency/time-domain orthogonal frequency division
multiplexing (OFDM) channel estimation algorithm for

high-mobility scenarios where the channel varies significantly
within each OFDM block, resulting in severe intercarrier
interference (ICI). The algorithm exploits the banded and
symmetric structure of the channel matrix in the frequency-
domain and its sparse structure in the time-domain to achieve
significant complexity reductions, which we quantify for
the Digital Video Broadcasting-Handheld (DVB-H) system.
Furthermore, we compare coherent and differential mobile
OFDM detection for DVB-H.

Index Terms—ICI mitigation, OFDM, channel estimation,
doppler shift

I. INTRODUCTION

UPPORTING high mobility is a key requirement for

a number of OFDM-based broadband wireless systems,
such as DVB-H[1]. For high-mobility systems, the fast channel
variations within one OFDM block destroy the orthogonal-
ity between subcarriers resulting in ICI proportional to the
Doppler frequency. This problem is even more severe for the
DVB-H 8K mode (which uses a large number of 8192 densely-
spaced subcarriers) and becomes a significant challenge for
receiver reliability at highway and train speeds.

To mitigate ICI, several techniques have been proposed in
the literature including linear minimum mean square error
(MMSE) equalizers [2] [3], successive interference cancella-
tion [4], basis expansion models (BEM) [5] and time-domain
block filtering [6]. Our objective in this paper is to investigate
low-complexity schemes that can suppress ICI effectively
under high-mobility conditions. As a case study, we focus
on the challenging DVB-H application where the number of
subcarriers is very large (2048, 4096, or 8192) [7], hence
it is critical to develop a low-complexity ICI cancellation
solution due to the power/size constraints at the user terminal.
One such scheme is the finite impluse response (FIR) MMSE
frequency-domain equalizer (FEQ) in [8] which is based on
the well-known banded structure of the channel matrix in
the frequency-domain [9][10], and has only few taps per
subcarrier. Nevertheless, all of these approaches are coherent
detection schemes that require reliable channel estimation at
the receiver which is a challenging task at high mobility.

Channel estimation for OFDM can be performed in the
frequency domain or time domain. Conventional frequency-
domain channel estimation algorithms ignore ICI which makes
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them highly suboptimal under high Doppler. Time-domain
channel estimation algorithms (such as [6]) typically mark
a few rows of the time-domain channel matrix and estimate
them using pilot tones embedded within each OFDM block.
Since the multipath delay spread can be very high for single
frequency network (SFN) DVB systems [1] [7], the number
of unknown channel taps for each marker row can be too
high to estimate with the limited number of available pilots.
Considering a fast-varying channel, Mostofi et al. proposed
in [11] a hybrid frequency/time-domain channel estimation
algorithm based on a /inear approximation of the channel time
variations within one OFDM block.

As a low-complexity alternative transceiver structure, we
also investigate and compare the performance of differential
OFDM detection with coherent OFDM detection for the DVB-
H system. Note that differential detection is already used in the
digital audio broadcasting (DAB) standard. Since differential
detection does not require channel estimation, pilot overhead
can be reduced to increase data throughput and channel esti-
mation complexity can be eliminated from the user terminal.

Our main contributions in this paper can be summarized as
follows

« We show how to significantly reduce the complexity
of the hybrid frequency/time-domain channel estimation
algorithm in [11] by exploiting the channel’s sparse and
banded structure. We quantify these complexity savings
through a detailed complexity analysis for the DVB-H
system.

« We derive a new asymptotic relationship between the sub-
and super-diagonals of the frequency-domain channel
matrix and exploit it to further reduce the complexity
of channel estimation and to design an ICI-mitigating
pilot/data placement scheme.

« We investigate differential OFDM detection in the pres-
ence of ICI and compare its performance with coherent
detection for the DVB-H system.

Notation: We use ()T to denote the transpose, (-)* the
complex-conjugate, ()7 the complex-conjugate transpose, |- |
the floor operation and (-)x the modulo-N operation. G; ;
denotes the element in the ¢-th row and j-th column of matrix
G, where row/column indices begin with zero. The estimated
value of random variable a is denoted by a and Iy denotes
the N x N identity matrix. We use the notation of G(:, j) to
denote the j-th column of G.

II. MOBILE OFDM SYSTEM MODEL

We consider an OFDM system with N subcarriers where
each OFDM block, denoted by X = [Xg...Xn_1]7, is
converted into time-domain samples x = [z . ..zy_1]T using
the N-point Inverse Fast Fourier Transform (IFFT) operation
x = FZX where F¥ is the N-point IFFT matrix. We assume
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that the cyclic prefix (CP) length is equal to or larger than the
channel impulse response (CIR) memory denoted by L. Then,
the received block y = [yo...yn—1]T after CP removal is
given by

y=Hx+v (1)

where H is an N x N time-domain channel matrix with
elements H,; = h, (n—1), Where h,; is the CIR at lag !
for 0 <[ < L —1 and time instant n for 0 < n < N — 1,
and v is the time-domain noise vector with auto-correlation
matrix o2I. Taking the FFT of (1), we obtain

Y =Fy=FHF/X+Fv=GX+V (2)

where G £ FHF" is the frequency-domain channel matrix
and V is the frequency-domain noise vector. For a quasi-static
fading channel, H is a circulant matrix and hence transforms
into a diagonal G matrix in (2). In this case, the OFDM
subcarriers are decoupled, and hence a one-tap FEQ is optimal.
For example, with a linear Zero-forcing (ZF) FEQ, the data
estimate for the k-th subcarrier X k 1s simply Xk =G, k. kYk
For the time-varying channel, however, H is not circulant and
hence G is no longer diagonal. In this case, the input-output
relation for the k-th subcarrier is given by

N—1
Yi = G Xk + Z GenXn + Vi 3)
n=0,n#k

The first term on the right-hand side of (3) is the desired
signal term while the second term is the ICI term which can be
characterized by the normalized Doppler frequency Fy = fqT'
where fj is the Doppler frequency and 7' is the time duration

of the useful part of one OFDM block.

III. COHERENT ICI CANCELLATION
A. ICI Analysis
To better understand the structure of G, we expand the
relation G = FHF¥ in (2) and get

L—-1N-1

Grn = D D T o Y

m=0 r=0

For a quasi-static channel where h,,, = hs.,, for r #
5,0<m<L-1,and 0 <r,s <N —1, we have

G | Taohnte k=n
Fon 0 k#n

—j2rmk
N

(5)

where hpf = + Zi\]:_ol hy.m denotes the time-average of the
m-th channel tap and in this case him' = hyp,,V 0 < 7 <
N — 1. It is clear from (5) that G is a diagonal matrix with
elements equal to the channel frequency response.

Turning our attention to fast-varying channels, the CIR is
no longer fixed within one OFDM block. In [3] and [11],
a linear model for the time-domain channel variations was
proposed. It is shown in [11] that for Doppler rates normalized
to the subcarrier spacing of up to 20%, the channel time-
variations can be approximated by a piece-wise linear model
with a constant slope over each OFDM block. Let «,, denote

the slope of the m-th CIR tap, then the m-th CIR tap at instant
r can be expressed as [11]

=21, ©

where Ah, ,, denotes the time-variation term at the m-th tap
for0 <r < N—1,0<m < L—1.Here, we used the fact that
the average of each channel tap can be approximated by the
middle point of the channel tap vector, i.e. hin® ~ h N/2—1,m
as proved in [11]. Combining (4) and (6), we arrive at (7)
shown on top of next page.

Therefore, the time-average term hp,® corresponds only to
the diagonal elements of G while the time-variation term
Ah, , contributes to the off-diagonal elements giving rise to
ICL.

It is a well-known fact that G has most of its energy
concentrated along its main diagonal and hence can be ap-
proximated as a banded matrix (see e.g. [9][10] and the
references therein), which has non-zero elements only along
(2D + 1) main diagonals and two D x D triangular matrices
in the top-right and bottom-left corners. This banded structure
implies that most of the ICI term energy in (3) results from
the adjacent subcarriers. Based on this banded structure, we
proposed in [8] an FIR FEQ designed using the MMSE
criterion (hence the name FIR-MMSE FEQ) which is based
only on the following (2D + 1) x (4D + 1) submatrix of G.

hr,m = h?’,‘;g + Ahr,m ; Ahr,m =

G(m-D)n,(m—2D)n G(m—D)n,(m+2D)n

G, = Gm,(m72D)N s Gm7(m+2D)N

G(m+D)n,(m—2D)x G(m+D)n,(m+2D)x

(®)
The @Q-tap (where Q = 2D + 1) FIR-MMSE FEQ is given

by [8]

Wi = gH(GGH 4 0%1g) ™! 9)

where g, = G,,(:,2D + 1) is the middle column of G,
Hence, the Q-tap FEQ output for the m-th subcarrier is X m =
Win Yo where Yo, = [Yi_pyy - YiniDyw )" -

To compute the coefficients for this FIR-MMSE FEQ, we
need to estimate the @ (typically @Q = 2D + 1 = 3) diagonals
of G. The hybrid frequency/time-domain channel estimation
algorithm of the next subsection provides a computationally-
efficient solution for this problem.

Starting from (7), we show in the Appendix that for large
N, the elements of the sub-diagonals of G are approximately
the negatives of the corresponding elements of the super-
diagonals, i.e. Giy1,; = —G;_1,;. We will utilize this property
to simplify the channel estimation algorithm in Subsection
III-B and develop an efficient ICI-mitigating pilot/data place-
ment scheme in Subsection III-C.

B. Reduced-Complexity Hybrid Channel Estimation Algo-
rithm

To estimate the () main diagonals of G, we revisit
the hybrid frequency/time-domain channel estimation algo-
rithm in [11]. Let h™¢ = [hg® K]"®...h7%;] and a =
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L—-1N-1
Gk,n =
m=0 r=0
L—1 javg i2mmk
— Z’m,:() h’m e N
1
N

L—-1 N-1
Zm:O r=0 Ahr;me N

j2rr(n—k)

L—-1N-1

1 ) j2nr(n—k) —j2rnm 1 j2mr(n—k) —j2nnm
" I T
DI ¥ :

m=0 r=0
k=n
—j2mnm

e~  :k#n

(N

[ao oq...0 L—1] denote the average CIR and the CIR slope
vectors of the OFDM block, respectively. The average CIR (or
the middle row of H) can be readily computed by performing
an IFFT on the diagonal of G, and then we are faced with
the problem of estimating the CIR slope vector. The channel
estimation algorithm proposed in [11] can be summarized as
follows.

Step 1 Assume there are P = % pilot subcarriers equally-
spaced at subcarriers p(0), ...,p(P — 1) with a distance of d,
i.e. p(i) =i x d. Ignoring ICI, the frequency response at pilot
subcarriers is

A Yo(i)
Crin = %

(@)

Denoting the estimated frequency response by a length-
P vector g, we estimate the entire main diagonal of G by
performing a linear or Wiener interpolation on g, followed by

[.avg

a P-point IFFT to estimate the average CIR, denoted by h, =, ,
where we assume that the current OFDM block index is ¢ — 1.

Step 2 Repeat Step 1 for the next two OFDM blocks so that
we have the middle rows of H for three consecutive OFDM
blocks, denoted by hi*®,, hi** and hi"¥,.

Step 3 For the t-th OFDM block, we denote by &7 and G
the estimated CIR slope vectors for the first and second halves
of the OFDM block, respectively, where the symbol index ¢
is made implicit to simplify notation. Hence

~hi"®)/N

0<i<P-1 (10)

éq = (b —hi™)/N ; Gz = (b2

(1)

Step 4 Using the CIR slope vectors, we can compute the
estimated off-diagonal elements of G (see the Appendix for
details). Combined with the estimated main diagonal obtained
from Step 1, we now have an estimate of the full G matrix
which we denote by G.

To reduce the complexity of this hybrid channel estimation
algorithm, we exploit the sparseness of time-domain CIR and
the banded and symmetric structure of the frequency-domain
channel matrix G. In a typical SFN for the DVB environment,
the CIR is sparse [12], i.e. it consists of a large number of
zero or close-to-zero taps and these taps can be ignored to
reduce the processing complexity with negligible performance
loss. To exploit sparseness, we choose the M out of L taps
from h™¢ with the largest absolute value, and zero out all the
remaining taps. Therefore, we only need to estimate M < L
slopes when calculating & and & in (11). Choosing the value
of M entails a complexity-performance tradeoff.

The banded structure of G can also be exploited to reduce
channel estimation complexity. Simulation results in Subsec-
tion VI-A show that a 3-tap FEQ [8] performs well for DVB-
H (even at a relatively high Doppler of 10% for the 8K
mode) which requires an estimate of only the three main
diagonals of G. Since the main diagonal of G is estimated

in Step 1, we only need to compute one sub-diagonal and
one super-diagonal of G in Step 4 instead of the full matrix.
Furthermore, since the elements of the sub-diagonals of G are
approximately the negatives of the corresponding elements of
the super-diagonals for large NV (see the Appendix for a proof),
we only need to compute one super-diagonal of G.

C. ICI-Mitigating Pilot/Data Placement Scheme

Here, we propose a pilot/data placement scheme to mitigate
ICI (and hence enhance the accuracy of estimating the main
diagonal of G) at pilot subcarriers by exploiting the fact that
the sub-diagonals and super-diagonals of G are approximately
negatives of each other as shown in the Appendix.

We assume that the channel frequency response is fixed over
2¢ contiguous subcarriers (i.e. Gk, = Gi—_2in—2i). This is
equivalent to assuming that the channel coherence bandwidth
is significantly larger than the width of 2¢ subcarriers. For
the TUO6 channel model we use in this paper for the DVB
environment, the channel coherence bandwidth is around 200
KHz while the subcarrier width is 4 KHz, 2 KHz or 1 KHz for
the 2K, 4K and 8K modes, respectively. Hence, the channel
can be assumed fixed over 4 adjacent subcarriers. Considering
the (n—1) element on the first super-diagonal, and using (15),
we have G—1n & —Gni1n & —Gp_1,n—2. Alternatively,
we can write G, 41 ~ —G, n—1 Which shows that the two
adjacent ICI coefficients in (3) are approximately negatives
of each other. Noting that the nearest two interference terms
contribute the most to the ICI term in (3), we propose a pi-
lot/data placement scheme to suppress ICI at pilot subcarriers
by placing two identical data symbols on both sides of the
pilot subcarrier. For example, we place the same data symbol
Xp(iy—1 on the p(i) — 1 and p(i) + 1 subcarriers where p(7)
is a pilot index. Equation (3) can be rewritten as

Yo(i) =Gp(i),pi) Xp + (Gpeiy,pi)-1 + Gp(i),p(i)+1) Xp(i)—1
N-—1

DD

n=0,
n#p(i)—1,p(2),p(i)+1

Gp(i)nXn + Vi)

It is clear that the second term on the right-hand side of the
above equation is approximately zero, and this will reduce the
ICI term at the ¢-th pilot subcarrier significantly which will
improve channel estimation accuracy for the main diagonal of
G in Step 1 of Subsection III-B.

IV. DIFFERENTIAL ICI CANCELLATION

To further reduce the receiver cost by eliminating the
complexity of channel estimation, we investigate non-coherent
OFDM detection with a focus on differential schemes due
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to their implementation simplicity. We first present the basic
principles of differential detection and then describe an ICI
cancellation scheme compatible with differential detection.

A. Differential OFDM

In OFDM systems, differential encoding can be imple-
mented either across subcarriers (frequency-domain) or across
OFDM blocks (time-domain). We found that frequency-
domain differential encoding is a better choice for DVB-
H systems under high-mobility, and the reason will become
apparent soon.

Let [U; ... Uyv_1]T and [X; ... Xny_1]T denote the
information-bearing and the transmitted OFDM blocks, re-
spectively. For the k-th subcarrier, the differential encoding
rule is X = Xj_1Uy. Ignoring ICI and noise, we write the
input/output relations for subcarriers k and k — 1 as

Yic1 = Gr—1,5-1Xk—1; Yi = GrpXg (12)

Assuming the channel fixed over two adjacent subcarriers, i.e.
Grk = Gr—1,—1 and using (12), we have Uy = Y;,/Yi_1.
The assumption that the channel is fixed over 2 adjacent
subcarriers is accurate (see discussion in Section III-C). Time-
domain differential encoding, on the other hand, requires a
fixed channel over 2 adjacent OFDM blocks, i.e. the channel
coherence time is much larger than the duration of 2 OFDM
blocks. Since this assumption is not valid under the high-
Doppler DVB-H scenarios considered in this paper, we adopt
differential encoding across subcarriers. Our simulation results
in Section VI show that differential OFDM is robust to
modest Doppler; however, an error floor is still observed under
high Doppler. To further improve the performance, we briefly
discuss in the following subsection an ICI-mitigating scheme
which does not require channel information at the receiver and
hence is compatible with differential detection.

B. ICI Self-Cancellation Scheme for Differential OFDM

ICI self-cancellation is a simple yet effective method pro-
posed by Zhao [13] to combat ICI which uses a repetition
code particularly designed to minimize ICI at the cost of
spectral efficiency. The ICI self-cancellation scheme does not
require channel information at the receiver and enjoys low
implementation complexity. However, since each data symbol
is modulated twice, the bandwidth efficiency will be reduced
by a half. This can be compensated for by using a higher-order
signal constellation or a rate-2 two-transmit-antenna scheme
such as spatial multiplexing.

V. COMPLEXITY ANALYSIS

Steps 1-3 of the hybrid channel estimation algorithm in
Section III-B have significantly less complexity than Step
4. To see this, we note that Step 1 mainly involves a P-
point FFT and assuming a radix-2 FFT, this operation requires
(P/2)log,(P) complex multiplications. Step 2 requires no
additional computations since for each OFDM block, have
needs to be computed only once and Step 3 requires 2L
divisions. The complexities for these three steps are negligible
compared to that of Step 4; hence, we only consider the
complexity of Step 4.

TABLE I
COMPLEXITY REDUCTIONS FOR THE HYBRID CHANNEL ESTIMATION
ALGORITHM
# of multiplications (IN,q1¢4.)
Mode (N) 2K | 4K | 8K
M=10, D=1 13850 27776 55628
M=10, D=2 15898 31872 62820
M=10, D=N-1 | 6.2 x 105 | 2.5 x 107 | 1.0 x 108
M=64, D=1 20253 40832 81792
M=64, D=2 22400 44928 89984
M=64, D=N-1 | 6.2 x 105 | 2.5 x 107 | 1.0 x 108

In Step 4, to compute the off-diagonal elements of G using
Equation (17) in the Appendix, we first need to calculate the
two numerators, each of which is an /N-point IFFT of a size-L
vector (namely & + G and &q — &), which has a complexity
of [logy L +2(1 — £)] - & complex multiplications [14]. In
[15], a generic FFT pruning algorithm is proposed which does
not require the sparse input data to be grouped together (as in
our case where the M active taps are dispersed among all L
CIR taps). This algorithm gives a complexity saving ratio of
3; hence, we need approximately (1—3)[log, L+2(1—£)|N
complex multiplications for 2 IFFT operations in the numer-
ator, where (3 is given in [15] for different scenarios. The
denominators in (17) are all fixed; hence, their reciprocals
can be computed offline and stored. Therefore, to compute
one off-diagonal element G,,4; , according to (17), we need
two complex multiplications for odd-indexed diagonals and
one for even-indexed diagonals'. Our reduced-complexity
approach exploits the symmetry of G and computes only D
subdiagonals for a Q-tap FEQ (Q = 2D + 1), which requires
(3|2 ]+2(D)2)N complex multiplications. Denoting the total
number of multiplications by Ny,ui1i., we have

1= )N+ B H2D))N
13)

Table I lists the total number of multiplications required by
the hybrid channel estimation algorithm assuming an L = 64
tap CIR for different M, D and N. Exploiting CIR sparseness
by using M = 10 instead of 64 taps, the IFFT complexity is
reduced by approximately 40% (i.e. 5 ~ 0.4)[15]. In addition,
by exploiting the banded structure of G (i.e. assuming a tri-
diagonal G with D = 1 instead of a full G with D = N —1),
the number of required multiplications is reduced by 99.97%.
These significant reductions in the number of complex mul-
tiplications can be seen from the second term on the right-
hand side of (13), which has O(N) complex multiplications
(assuming D < N), while it is O(N?) for a full-matrix
estimate of G.

To detect one OFDM block, the @-tap FIR-MMSE FEQ in
[8] requires N Q-by-Q matrix inversions and N complex
multiplies, for a total of NQ(Q+1) multiplies. As a numerical
example, consider the scenario D = 1, Q = 2D + 1 = 3,
N = 8192, M = 10, L = 64 and an 8K mode DVB-
H block duration of 952usec. Furthermore, we make the
simple assumption that each complex multiplication can be
performed in one instruction. Then, the hybrid channel estima-

Nmulti. = (1_5)(10g2 L+2(

"Here, a diagonal means a cyclicly-shifted diagonal with N elements.
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N=8192, 10% Doppler

T T T
—6— 1-tap FEQ, estimated channel

—<— 1-tap FEQ, perfect channel

—&— 3-tap FEQ, estimated channel

—8— 3-tap FEQ, perfect channel

— © — 1-tap FEQ, estimated channel, w/ RS coding
- & — 3-tap FEQ, channel, w/ RS coding

E
3

8 10 12 14 16 18 20

Fig. 1. BER performance of hybrid frequency/time-domain channel estima-
tion algorithm with 1 and 3-tap FEQ (8K mode, 10% Doppler)

tion algorithm requires 55, 628 instructions per OFDM block
while the 3-tap FIR-MMSE FEQ coefficient computation and
application to data requires 98,304 instructions per OFDM
block for a total of 153,932 instructions per OFDM block
or equivalently 162 Million Instructions Per Second (MIPS),
which is well within the processing power of state-of-the-art
programmable DSP chips.

VI. SIMULATION RESULTS

We evaluated the DVB-H receiver performance mostly in
the 8K mode with N = 8192 since this mode suffers more
from ICI than the 2K or 4K modes. We assumed the typical
urban TU-06 channel delay profile defined by the COST
207 project with 6 taps in the continuous-time domain [16],
8 MHz channel bandwidth, and a carrier frequency of 800
MHz. The TU-06 model was shown to give an accurate
description of the DVB mobile radio channel [17]. The CIR
delay spread is 5 psec and after sampling, we have a long
discrete-time CIR with approximately 64 taps. Each discrete
channel tap is generated by an independent complex Gaussian
random variable with time correlation based on Jake’s model.
A 64-state rate-1/2 convolutional code with octal generator
(133,171) is employed. The coded bits are interleaved within
an OFDM block and mapped into QPSK symbols which are
transmitted in blocks each appended with a CP longer than the
channel memory. We inserted scattered pilots separated by 12
data subcarriers (d = 12), as in the DVB-H standard, and we
assumed that all N subcarriers are active.

A. Coherent OFDM Detection Results

The performance of the 8K mode is evaluated with a
Doppler of 10% corresponding to a highway speed of approxi-
mately 100 Km/h in this simulation, and the result is shown in
Fig. 1. Since there is significant ICI due to high Doppler, error
floors are observed for both estimated and perfect channel
scenarios with 1-tap FEQ. To combat ICI, we implemented the
hybrid frequency/time-domain channel estimation algorithm
in Subsection III-B to estimate the 3 main diagonals of G
and implemented a 3-tap FEQ which eliminates the error
floor. Also shown in this figure is the additional performance
improvement achieved when concatenating an outer Reed-
Solomon (RS) code with octal generator (204,188) [7]. It can

N=8192, 20% Doppler, 3-tap FEQ, hybrid channel estimation
10° T T T T

—A— 1 iteration, w/o ICI mitigation
N —6— 2 iteration, w/o ICI mitigation
~ — A - 1 iteration, w/ ICI mitigation
~ X — © — 2iteration, w/ ICI mitigation
—*— 3-tap FEQ, perfect channel |

.
8 10 12 14 16 18 20
SNR (dB)

Fig. 2. BER performance of reduced-complexity hybrid frequency/time-
domain channel estimation algorithm with ICI mitigating pilot/data placement
scheme and joint channel/data estimation (8K mode, 20% Doppler)

N=2048, 3% Doppler

T T T T T T
—P— coherent detection, 1-tap FEQ, estimated channel
—%— differential detection

107"} —+8— coherent detection, 1-tap FEQ, perfect channel |5
—7— coherent detection, 3-tap FEQ, perfect channel

8 10 12 14 16 18 20 22 24
SNR (dB)

10~ L L L

Fig. 3. BER comparison between coherent vs. differential OFDM (2K mode,
3% Doppler)

be seen that RS coding hardly gives any improvement for
the 1-tap FEQ scenario where the number of errors exceeds
the error correction capability of the used RS code, while it
significantly improves the performance of a 3-tap FEQ with
estimated channel.

The Doppler frequency can be as high as 20% if the receiver
is moving at fast train speeds or if the DVB system is operating
on an L-band channel with approximately 1.6 GHz carrier
frequency. To handle the severe ICI due to this extremely
high Doppler, we implemented the ICI-mitigating pilot/data
placement scheme in Subsection III-C and integrated it with
a joint channel estimation and data detection scheme where
we use the hard-decision-detected data from the previous
iteration as pilots. Fig. 2 shows that the second iteration with
a pilot spacing of d’ = 4 subcarriers significantly improves
performance compared to the first iteration. It can also be
observed that the ICI-mitigating pilot/data placement scheme
further improves the performance by approximately 2 dB for
the second iteration.

B. Differential OFDM Detection Results

Fig. 3 compares coherent and differential detection for the
DVB-H 2K mode with a normalized Doppler of 3% which
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N=8192, 10% Doppler
0
10 T T T T
—H— coherent detection, 1-tap FEQ, estimated channel
—#&— coherent detection, 1-tap FEQ, perfect channel

,1 —&0— coherent detection, 3-tap FEQ, estimated channel
10 —7— coherent detection, 3-tap FEQ, perfect channel |3
—— differential detection

.
8 10 12 14 16 18 20
SNR (dB)

Fig. 4. BER comparison between coherent and differential OFDM (8K mode,
10% Doppler)

N=8192, 10% Doppler
10 T

T
—— diff. det.
—— diff. det. and ICI self-cancl
— & - diff. det., with RS coding

— P — diff. det. and ICI self-cancl., with RS coding|3

BER

.
8 10 12 14 16 18 20
SNR (dB)

Fig. 5. BER performance of differential schemes with RS coding (8K mode,
10% Doppler)

corresponds to a highway speed of approximately 110 Km/h
in this simulation. It can be seen that differential OFDM
detection outperforms coherent detection with an estimated
channel and 1-tap FEQ, and is comparable to it with a perfect
1-tap FEQ at high SNR. The 8K mode suffers more from
ICI since the subcarrier spacing is reduced by a factor of
4 compared to the 2K mode. The performance comparison
for the 8K mode is evaluated at a higher Doppler of 10%
corresponding also to a highway speed, and the result is
depicted in Fig. 4. Since there is much more significant ICI
in the 8K mode, error floors are observed for both 1-tap
FEQ coherent detection (estimated or perfect channel) and
differential detection. The error floor is eliminated (for the
considered SNR range) with a 3-tap FEQ even with estimated
channel information.

Finally, Fig. 5 presents the performance of differential
OFDM detection with RS coding under 10% Doppler for
8K mode. We observe that RS coding hardly gives any
performance improvement with differential transmission only.
However, when it is integrated with the ICI self-cancellation
scheme, it becomes much more effective. Hence, it is nec-
essary to combine differential OFDM detection with more

advanced ICI mitigation techniques at high Doppler.

VII. CONCLUSIONS

Utilizing the sparse nature of the time-domain CIR and
the banded and symmetric structure of the frequency-
domain channel matrix in DVB-H, we developed a reduced-
complexity hybrid frequency/time-domain channel estimation
algorithm which improves performance significantly under
high Doppler with substantial complexity reductions. To
further suppress ICI, we integrated this channel estimation
algorithm with an ICI-mitigating pilot/data placement and
joint channel/data detection schemes, and demonstrated further
appreciable performance improvements even at a very high
Doppler of 20%.

In addition, we investigated differential transmission as a
low-complexity ICI-resilient option for the DVB-H system.
Since differential OFDM detection does not require channel
estimation, it can eliminate not only the channel estimation pi-
lot overhead of the DVB-H system but also its implementation
complexity at the receiver as well. While we consider DVB-H
as an application, the techniques presented in this paper can
be applied to other mobile OFDM systems such as WiMAX.

APPENDIX

Substituting for the (k,n) entry index of G in (7) with
(n +14,n) and combining it with (6), the n-th element of the
i-th sub-diagonal (i # 0) is given by

1 N -1 j2rr(—i) —j2rnm
Grtin = N (r— Jame N e x o
m=0 r=0
L—1 —j2mnm L—1 —j2mnm
Xm0 @meT N g Ome N
1 - e]27r]£[—z) ]9

(14
where for large N, we defined 6 = # ~ 0. Similarly, the

element on the i-th super-diagonal and the n-th column is

L—1 —j2rnm
S ame

Gn—i,n ~ — m=0 " ~ _Gn+i.,n (15)

7(=0)

Therefore, two elements on the same column of the sub and
super-diagonal are approximately negatives of each other for a
large FFT size as in the DVB-H system. Using two slopes as
in Step 4 of the channel estimation algorithms in Subsection
III-B requires a minor change in (6), which can be rewritten
as

:0<r<N/2

:N/2<r<N-1 (16)

N—-1
Ahyy =4 777 )0
| { (r— % )azm

and in this case G, 5 is given by (17) shown on top of this
page.

Equation (17) shows that even-indexed diagonals have the
same expression as in the single-slope case given in (15).
Hence, the elements of the super-diagonals are negatives
of those on the sub-diagonals. The expression for the odd-
indexed diagonals case, on the other hand, has an extra term.
However, our DVB-H simulations show that in most cases,
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—j2mnm —j2mnm
Zf‘nzlg(a1,m+a2,m)e N Zf‘nzlg 2(a1,m—az2,m)e N 1.3
- i2m(—1) + j27(—1 =1,
G _ 2x(l—e N ) Nx(l—e N )2 17
n+i,n — L1 —j2rnm ( )
Yool mtas mle” N —92.4
- j2n(—14) 1= 2,
2x(l—e™ N )

the CIR slope almost remains constant across two OFDM
blocks, i.e. a1, =~ 2,m,, and consequently (17) reduces to
(14). Hence, the same conclusion is approximately valid for
the case of odd-indexed diagonals.
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