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ABSTRACT 4. Section 3 also characterizes the ICI terms starting from

Thi describes th i d devel t of | the proposed channel model [5, 6, 7, 8, 9, 10]. We recall
IS paper describes the conceplion and development of a Soly, appropriate cancellation and estimation algorithms in
tion for improved mobile reception of the digital video broadcast

standard for handheld (DVB-H) at Philips Research. It includes SeCt.IonS 5615 6,7, 8’.9’ 10,11, 12, 13]. SeCtlgn 7in-

. o I . ' vestigates how the receiver can adapt to the environment
a simple characterization of mobility-induced interference based [14, 15, 16] while Section 8 show the effects of imple-
on a suitable model for the doubly selective channel. We fur- mentation constraints on the proposed modeling [17, 18].
ther describe estimation and interference cancellation aIgorithmsMost of the proposed algorithms have been transferred for
explaining the trade-offs between complexity and performance.

Th ted alaorithms h b ol tod i NXIDa realization in an NXP chip. The paper ends with an ex-
chi(:) presented algorithms have been implemented in an haustive list of references to papers covering details of our

system.

1. INTRODUCTION
2. MODEL OF DVB-H OFDM
The transmission of analog television is being switched
off in many European countries, and will be replaced by The system model we used to investigate the properties
the Digital Video Broadcasting (DVB) standard for ter- of DVB-H was introduced in [9, 12, 19]. We consider
restrial (DVB-T) [1]. The Digital Video Broadcasting for ~an OFDM system in whictV, complex data symbols,,,
Handheld (DVB-H) standard is very similar to DVB-T m =0,..., Ny—1 are modulated ont&/; orthogonal sub-
standard, but targets low-power mobiles rather than sta-carriers by means of aN;-point inverse discrete Fourier
tionary reception. Like DVB-T, DVB-H uses Orthogo- transform (IDFT), efficiently implemented through the In-
nal Frequency Division Multiplexing (OFDM) modula- verse Fast Fourier Transform (IFFT) algorithm. The block
tion [2], but it adds an additional coding layer and expands of N samples at the output of the IFFT forms an OFDM
the modulation parameters to improve the robustness tosymbol with duratioril;, = N,T', T being the sample pe-
mobility. Furthermore, it defines a different mapping of riod, which is cyclically extended with a cyclic prefix of
logical television streams to the available OFDM blocks durationTg = GT' by copying the last; samples in front
to allow power savings by periodically switching off the of the block. The samples are then converted to the ana-
receive electronics. Itis expected that DVB-H will rapidly log domain and transmitted over the air. The transmit-
enter the market, particularly with the upcoming interna- ted signal goes through the time-varying selective fading
tional sport events. channel with impulse responégt, 7), h(t, 7) # 0 only if
0 < 7 < Tmax, and with frequency response
While OFDM is attractive in a frequency selective chan-
nel, it is vulnerable to mobile fading which leads to Inter- H(t, f) = /+°°
Carrier Interference (ICI). In this paper, we outline the in- ’
vestigations done at Philips Research to mitigate the detri-
mental effects of a time-varying channel on a DVB-H sys- We assume that,,., < T¢ so that the received signal is
tem. This work includes the derivation of a DVB-H model not affected by intersymbol interference (ISI). From (1)
in Section 2 [3, 4, 5, 6] and of a suitable time-varying and with f; = 1/T;, being the frequency separation be-
channel model based on a Taylor expansion in Sections 3tween two adjacent sub-carriers, we can write the time

h(t,T)e_ﬂ”deT. ()

— o0



varying channel frequency response on sub-canties reliable algorithms appeared feasible with just the zero
and first order terms. So the chanrél), (¢) of (2) be-

—+o00
Hy(t) = / h(t,T)e 92 T dr, (2)  comes|[g,9]

R | Hi(t) = Hy(to) + Hy (to) (t — to) + O((t — t0)?). (5)
We further indicate withy(t) the AWGN having a two- _ . .
sided spectral density df, /2. The received signal Using (3) and (5), after undergoing the sampling opera-
tion and the FFT and witli’ = 1/(Ns f;), the symboly,,,

N1 P received at then-th sub-carrier can be approximated as
r(t) =Y Ha(t)e*™ a, +n(t) (3)

n=0 Ng—1
is sampled at raté/7" at the receiver and the cyclic pre- Y (to) nz::o (t0)Zm, K ©
fix is removed. Next, anV,-point DFT is used to de-
modulate all sub-carriers of the composite signal. With _ 1 Nl NP
n = [no,--.,nn.—1)" the AWGN vector after the DFT, =mn = N2 Z (k = A)er2mtnmmIt/Re, (1)
with H the N, x N, channel matrix in the frequency do- °77 k=0
main, and withu = [ao, . .., an,—1]" the transmitted data ~ Whereto = AT. We chooseé so that the error of the
symbol vector, the complex received symbol vector reads channel approximation is the smallest, i.e., in the middle
as of the useful part of an OFDM symbol. Equivalently, (6)

y = Ha + 1. (4) can be written in matrix form as

If the channel is static and no longer than the guard in- y ~ diag(H (to)) a + Ediag(H'(to))a+1n, (8)

terval, and if the receiver is perfectly synchronized both o . o
in time and frequency to the transmitter, then the orthogo- Wherediag(H (to)) indicates a diagonal matrix with the
nality of the N, sub-carriers is maintained and the channel VECtorH (Zo) in the main diagonal. By comparing (8) with
H is a diagonal matrix. For a time-varying channel, the (4), we infer that, with the proposed modeliing, the ICI
orthogonality among the sub-carriers is lost and ICI ap- t€rms can be modelled as afunc'gion of the de_rivative of the
pears. This is represented by the non-zero entries outsidéhannel frequency response weighted by a fixed crosstalk
the main diagonal of the channel matfik matrix =, which corresponds to the DFT of a ramp (7).
SinceE is a fixed matrix, it does not require real-time es-
DVB-H uses FFTs of sizéV, = 2048 (2k), 4096 (4k) or  timation when ICl is Qompensated for._With the proposed
8192 (8k). The corresponding large size of the channel M0del, the channel is fully characterized Bi(to) and
matrix H justifies the need for simplified equalization and £ (fo). In the following, we will not explicitly indicate
channel estimation algorithms. In our work, we consid- the dependency ofy.
ered the worst case scenario of an 8k system, which is the
most sensitive to ICI since it has the smallest sub-carrier 4. CHANNEL MODEL

spacing of about 1 kHz.
Interestingly, for a Rayleigh channel with a uniform angle

3. INTERCARRIER INTEREERENCE MODEL of arrival, the sub-carriersl,,, and theirg-th order time-
derivativesH'? are statistically independent fgrodd,
Various models have been proposed to describe the ICI inéven for different frequencies [8]. Jakes [23] modelled
OFDM systems. Exponential basis expansion models arecorrelation among in-phase and quadrature components
popular in scientific literature, e.g., [4, 20]. These repre- of sub-carriers and between amplitudes and derivatives on
sent time-variations of the channel via a linear combina- the same frequency. For an exponentially decaying power
tion of complex exponential functions or, equivalently, as delay profile [23], this was extended to complex valued
separate discrete frequencies. These approaches, thougtb-carriers [24] and to arbitrary order derivatives [8, 10]:
mathematically elegant, are most suitable for periodic pro-

cesses rather than for non-periodic fading [20]. Instead, E {H,(Tf)H;;(‘I)} = (2nfy) PO (p+q7+'1')” .

we used Taylor expansions [8, 9, 21, 22]. These are par- (P + )"
ticularly attractive for moderately time-varying systems, ) (—1)a5pt+a ©)
such as when DVB-H is applied outside the anticipated 1+ 727 Tems(m — n) fs’

range of velocity speeds, but where the dominant signal

components are still similar to those of stationary recep- for p + ¢ even, ands {Hr(,f)H;{(q)} = 0forp+ ¢ odd. In
tion. It turned out to be possible to derive statistical prop- (9), fq represents the normalized maximum Doppler fre-
erties as the covariance matrix of all contributions [3], and quency and-,s the root mean square delay spread. The



time-shifted sub-carrier amplitudes are correlated accord-where
ing to [23]

an an is a pilot symbol,
Ay otherwise.

E[Hm,(t —|— T)H:;I(t)] = J0(27de7'), (10) |Hn|2+012,,m+N0 yTL

(14)
where J,, is the Bessel function of the first kind of order In (14), 02, is the ICI power in the sub-carrier given
n. While (9) shows thaE[H,,, (to)H,*(to)] = 0, interest-  H’ ie.

ingly, it was shown in [6] that

E|Hp(t+7)H,(t)| = —2xfaJy1(27far).  (11)

m

N-1
Ui;m(H/) = Z |Em,n|2|H1/z|2E[ana:1]~ (15)
n=0

An MMSE estimator is used in (14) in order to minimize
5. ICl CANCELLATION the cancellation error. F@p = 1, this algorithm trades a

3 dB ICI suppression for a reduction in complexity2ty,
It has been proposed to mitigate ICI by antenna diversity complex multiplications.
[25] and by additional error correction coding [26], but
our results confirm that adaptive equalization is very ef- Evenwithout employing adaptive ICI cancellation, the fre-
fective. The ICI can be equalized by a linear equalization quency selectivity of the ICI level can be exploited for en-
[3, 21] or a decision-feedback equalization (DFE) [3, 6, 7]. hancing the performance if the actual instantaneous SINR
Linear equalization has the advantage that symbol energy(signal power over the variance of the ICI plus noise) at

spreaded across the sub-carriers is retained for detectionthe sub-carrier corresponding to a detected bit is provided
and a form of Doppler diversity is achieved [9]. How- to the error correction decoder. The instantaneous SINR is

ever, the complexity of(N3) is currently prohibitive for ~ calculated fromH andH’ and transformed to log-likelihood
DVB-H. The complexity can be lowered ©(Q2N;) by ratios (LLRs) for the input of the error correction decoder
reducing the channel matrix to(@Q + 1) band diagonal  [13].
matrix [3].
6. CHANNEL ESTIMATION
The DFE solution exploits the results of an initial itera-
tion of standard OFDM demodulation arffl’ estimates ~ Channel estimation algorithms aim at estimating bith
to re-generate the ICI, cancel it from the received signal, and H'. The ML joint estimation method [3, 9] utilizes
and subsequently perform a new detection over the ICI- the observation that the propagation channel has a much
cancelled received signal, as expressed in the followingsmaller number of degrees of freedom. Hence the channel
equation: can be modelled with a significantly reduced numbér
of channel parameters, thus, oy channel parameters

a= (diag(ﬁ))*l(y — Ediag(ﬁ’)@). (12) need to be estimated. It assumes that a reference OFDM
N symbol is transmitted prior to the data transmission which
the receiver can use for channel estimations. The method
has a complexity of)(M?). Further complexity reduc-
tion is possible by exploiting the properties®f

The vectorsH, H', a, anda are, respectively, the esti-
matedH, the estimated?’, the initial estimated/decided

a, and the post-cancellatien The initial dataz can be ob-
tained simply from equalizing with a single tap equalizer

[6, 7]. Although the operation can be iterated many times,
significant performance enhancement is only achieved up
to the second iteration [7]. A single iteration requires
2N; log Ny complex multiplications.

In DVB-H systems, a subset of all sub-carriers is used
for transmitting a reference signal, as depicted in Fig. 1.
The regular scattered pilots (SP) are particularly intended
for channel estimation. The absence of a training OFDM
symbol as well as the large numbers of sub-carriers used
in DVB-H deemed the ML joint estimation method unsuit-
able. These were addressed by the ML multi-stage chan-
nel estimation [7, 11]. This scheme initially estimatég
on the pilot position of a single OFDM symbol, which are
then used to derive the initial estimate of the transmitted
symbols. Using the estimated symbols, the lowest order
m+Q derivatives, which in the first iteration correspondio
G = Y — Z S i, (13) are ML-estimated, while the contribution of the higher or-
ders derivatives is modelled as white noise. The estimated

The algorithm proposed in [19] further reduces the im-
plementation complexity by combining the simple initial
data estimation with ICI cancellation from tB€) closest
sub-carriers. It removes the ICI from the received symbol
ym as follows

n=m-—Q



time
Unlike the ML multi-stage channel estimation, the esti-
mation of H and H' in the Wiener filter-based channel
estimation is not data-aided, and therefore the estimates
do not suffer from the errors in the decided data. Fur-
thermore, as was shown in [27], Wiener filter based ap-
proaches are robust against mismatches in the correlation
functions. Apart from the buffer required for the estimates
of H’, the complexity depends on the number of taps of
he H and H’' Wiener filters and the interpolation filter.

or the wireless channel we consider, the complexity can
be as low a$ Ny complex multiplications.

frequency

Figure 1. Scattered pilots (SP) of DVB-T/H in the time-
frequency plane. Each dot represents a sub-carrier durin
one OFDM block.

derivative_s and the estimateq symbols _are_further usedfor - ADAPTATION TO THE ENVIRONMENT
regenerating the corresponding ICI, which is subsequently
subtracted from the received signal. Then the next lowest; 1 Doppler spread
order of derivatives are estimated in a similar fashion.

DVB-H has been designed for static and mobile reception
This method suffers from the poor quality of the initial scenarios. In the static case, a conventional OFDM re-
H,, at pilot sub-carriers, which was then improved by a ceiver [28] would be adequate, without any need of ICI
predictive method using the estimate of the zero and firstcancellation. The receivers optimized for static or mo-
derivative from the previous symbol. The ML multi-stage bile channels mainly differ in the method of estimating the
channel estimation with prediction performs close to the channel frequency response. A flexible receiver switches
joint ML estimation and reduces the complexity signifi- between a static and a mobile mode [16]. In both modes,
cantly, however it is still too complex for current DVB-H  the channel estimation exploits the SP, see Fig. 1. How-
implementations since it requires approximately 15 FFTs. ever, in practice the static mode usually exploits the SP

of the previous and following OFDM symbols, while the
In the Wiener filter-based channel estimation method of mobile mode usually does not use any information from
[6], the initial H,,, at each pilot sub-carrier in each OFDM the previously received OFDM symbols to estiméfe
symbol is improved by Wiener filtering. The improved cf. Section 6. The differences in channel estimation influ-
H,, fora pilot sub-carrier is obtained by filtering the ini- ence the performance especially in the presence of Single
tial estimates at a number of pilot sub-carriers on the sameFrequency Networks (SFNs) in which multiple transmit-

OFDM symbol exploiting the spectral correlation Af. ters synchronously transmit the same signal at the same
The filter is calculated from the spectral autocorrelation carrier frequency. An SFN artificially creates a long de-
of H (9). The results are then interpolated to obt&in lay spread. In the static mode the SP in the previous and

following OFDM symbols can be exploited to obtain a
The first derivativeH!, at each sub-carrier is estimated denser pilot grid to achieve the required spectral sampling
from the H,, estimates in the previous and next OFDM density. On the other hand, in the mobile mode, only the
symbols using a temporal Wiener filter. This filter is cal- SP within a single OFDM symbol are available. How-
culated from the temporal auto correlationgf[);“ E[[:]m( ever, in SFNs, SP do not provide the resolution needed
t+ T)H* ()], and the temporal cross correlation f, for estimation of the highly frequency-selective channel
and thefd,,,, E[H! (t + 7)HZ,(t)], which reduce to (10)  response, so the mobile mode fails.
and (11) [6]. Note that{,, and H,, in any sub-carrier
within one OFDM symbol are uncorrelated, and therefore In [16], we proposed an algorithm that automatically se-
H!. cannot be obtained from spectral Wiener filtering of lects the most favorable mode using a Doppler decision
H,, estimates. To ease the memory requirement, the tem-variable derived from the temporal correlation function of
poral Wiener filter is used only for an equally spaced sub- the channel frequency response
set of sub-carriers. At the remaining sub-carriéig, is R
obtained from interpolation in the frequency domain ex- g - BHE+ 4T+ Tc)) H*(2)] (16)
ploiting the spectral correlation df’, which is the same E[H (t)H*(t)] ’
as that ofH, cf. (9). A further decrease in the MSE &f
can be achieved hif re-estimation using the ICI-cancelled whereE[] is the estimated expectation. Our experiments
received signal as an input. However, for current DVB-H confirmed that this provides a sufficiently reliable and ro-
implementation, this is not required. bust selection.




7.2. Delay spread Let us consider a cyclic shift of samples. The DFT out-

ut of (4) reads as
Preferably, we do not only optimize the receiver settings P @

for the expected Doppler spread, but also for the expected Y =y, emI2msm/Ns (17)
delay spread. As shown in Section 6, the channel esti-

mation in DVB-H systems is based on interpolation of sp From (6), we obtain

weighted by coefficients depending on the temporal and v = H,ame 2 sm/Ns (18)
frequency correlation of the channel frequency response. " N1
Conventional OFDM receivers usually assume the chan- n Z o= g ei2msm/Ne 4

nel to be as long as the guard interval. Therefore, the
frequency-domain channel estimation filter is designed for
its worse case. In [14] it is proposed to initially estimate
the actual channel length and to optimize the (frequency- The static part.,,, H,,e7275™/N= undergoes only a phase
domain) channel estimation filter for this. A known ap- rotation. The ICI term of (18) on sub-carriet can be
proach [28] obtains the length of the channel by measur- written as

ing the length of the channel impulse response obtained No—1

from the IDFT of the channel frequency response at the Z o H e—32msn/Nem  ,j2ms(n—m)/N.

pilot sub-carriers. Such an approach can only deal with nem e ’
relatively short channels because, in case of time-varying

channel, the frequency spacing of the pilot sub-carriers We see that;, is cyclically shifted in the same way as
would introduce aliasing in the time domain otherwise. Hm. Hence, the estimation of derivativé, of the chan-
Our approach differs from other approaches because wehel frequency respons#,, can be still calculated as a
use all active OFDM sub-carriers (both pilot and data) to Weighted difference off,, of the previous and following
find the length of the channel. Besides being robust to OFDM symbol. TheE matrix also experiences a cyclic
noise, the use of data symbols avoids the aliasing. Ba-shift. This translates into a phase rotation in the fixed
sically, our method considers the data itself as a randomspreading matri. In the case of a cyclic shift of sam-
probe signal for obtaining characteristics of the channel Ples, the elements of the refinEdmatrix become

n=0

_'_nme—jQﬂ'sm/Ns

n=0

frequency responsf. Although the data content is not =) 5 gi2ms(n—m)/N, (19)
known at the receiver, it turns out that we are still able to Tmen T T '
extract useful second order statistics. The refinement in (19) is of key importance when the ICI
is removed coherently as, for instance, in the algorithms
8. EEFECTS OF CYCLIC SHIET described in Section 5. Interestingly, tBematrix is no

longer a fixed spreading matrix, but has to be compen-

Typically, the receivers introduce an intentional cyclic shift, Sated for the cyclic shifs. In case=,, ., is used instead
see Fig. 2, on the received OFDM symbol. For instance, of =, we observe a performance degradation related to
s. Fig. 3 shows how the ICI power increases as a function

Cdata | guad )X data | guad of the cyclic shift and how this degrades the coded aver-
valid positioning age BER. If the cyclic shift consists of only few samples,
the BER degradation is negligible, but it becomes signifi-
| XX cant fors > 0.097},. Fors > 0.13T, the ICI cancellation
et algorithm even becomes counter productive.
Figure 2: Cyclic shift of the receive OFDM symbol. 9. CONCLUSIONS

if the receiver shifts the OFDM symbol to the center of Doppler spread in mobile reception of DVB-H can be mit-
gravity of the channel impulse response, the channel es-gated by appropriate signal processing. Although a spe-
timation filter is centered around the origin. This leads cial layer of coding is present in DVB-H, a further re-
to real valued coefficients of the channel estimation filters duction of the ICI is needed to support sufficiently high
[16]. The cyclic shift simplifies the implementation of the mobility speeds. The derivation of a propagation model
channel estimation algorithms. However, it influences the for the behavior of time-derivatives facilitated the design
ICI model introduced in Section 3. If the ICI model ne- of efficient channel estimation and interference cancella-
glects the cyclic shift, the original algorithm will not work  tion methods. The investigated algorithms are refined to
adequately. properly limit complexity and deal with some real-world
impairments.
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Figure 3: ICI power and coded average BER versus cyclic [8]
shift. DVB-T 8K mode with guard 1/4. 16-QAM, coding

rate

2/3. ICIO: no ICI cancellation. ICI4: ICI generated

by 4 neighboring sub-carriers is cancelled. SNR=23 dB.
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