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Abstract® - Mobile Multimedia Communication involves the transmission of high data rates over rapidly time
varying channels. The paper proposes a new approach to mitigate the effect of time variations and simulates two
new receiver structures. The smulation model is based on a Discrete-Frequency channel representation for the
link between the input of the transmit |-FFT and the output of the receive FFT. It exploits a Taylor expansion of
the time variations of the received subcarrier amplitudes. Our receiver method leads to a substantial improve-

ment of the link performance.

1. Introduction

Orthogona Frequency Division Multiplexing (OFDM)
isamodulation method designed in the 1970's[1-6] in
which multiple user symbols are transmitted in parallel
using different subcarriers. Although these subcarriers
have overlapping (sinc-shaped) spectra, the signal
waveforms are orthogonal. Compared to other modu-
lation methods, OFDM uses symbols with arelatively
long time duration, but a narrow bandwidth. Mostly,
OFDM systems are designed such that each subcarrier
issmall enough in bandwidth to experience frequency-
flat fading. This also ensures that the subcarriers re-
main orthogonal when received over a (moderately)
frequency selective but time-invariant channel. If the
OFDM signal is received over such a channel, each
subcarrier experiences a different attenuation, but no
dispersion.

Therelatively straightforward receiver architecture
associated with this has been a prime motivation to use
OFDM in several standards, such as Digital Audio
Broadcasting (DAB), e.g. [5], Digital Video Broadcast
- Terrestrial (DVB-T), and more recently HIPERLAN
[1. For Mobile Multimedia, i.e., for high datarate
communication over rapidly fading channels, OFDM
has the problem of being highly sensitive Doppler
spreads.

Time variations are known to corrupt the orthogonality
of the OFDM subcarrier waveforms[2,15]. In such
case, Inter-Carrier Interference (ICl) also called "FFT
leakage", occurs because signal components from one
subcarrier spill into other, mostly to neighboring sub-
carriers. Previoudly the problem of OFDM with Dop-
pler was addressed in [7, 8, 13, 16, 17, 18, and 19].

The basic ideato repair InterCarrier Interference by
adaptively combining subcarrier signalsisintuitively
appealing and can work if the delay spread is negligi-
bly small. In such case al subcarriers experience the
same amplitude and phase shifts, thusthe ICI arrives
with same crosstalk coefficients. However, for chan-
nels with both a delay and a Doppler spread, a practical
implementation is more complicated, as it would typi-
cally require alarge matrix multiplication. This matrix
has its dominant contributions along the main diagonal,
but is not of a Toeplitz structure that would allow a
delay-line filter structure. Moreover, extensive channel
estimation poses problemsin practice. So the prime
challengeisto find arealistic channel representation
which allows a computationally attractive implementa
tion. We found this in the form of time-derivatives of
amplitudes of subcarriers. This paper
- Further develops the channel modeling for OFDM
and Multi-Carrier systems under Doppler condi-
tions
Proposes a new set of channel parameters on
which the design of mobile OFDM receivers can
be based
Gives two examples of such receivers, and
Provides simulation results for these receivers
Our approach allows substantial improvements of the
link performance at limited receiver complexity. If
used for DVB-T, it would not require requiring any
modification to the transmit standard. If the solutions
are considered in the definition of future mobile mul-
timedia or fourth generation mobile systems (4G), it
may allow the use of OFDM over a much wider range
of parameters than hitherto believed

! Portions of this paper will be presented at PIMRC 2000, L ondon, September 2000.



2. Channel Model

This section develops a model for a channel represen-
tation starting from the classic multipath description,
using as a collection of |, reflected waves. Each wave
has its particular Doppler frequency offset w;, path de-
lay T; and amplitude D;. The frequency offset lies
within the Doppler spread -2pfo < w; < 2pfp, with fo =
v, f/C. Here vs is the velocity of the mobile antenna, cis
the speed of light and the carrier frequency isw, = 2pf..
More precisely, the Doppler shift of thei-th waveisw,
= (2pvy/c) f. cos(q;) with g; the angle of arrival. Let fq
denote the spacing between the adjacent subcarriers
and w; = 2pf.. Thereceived signal equals @
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here n(t) is additive white Gaussian noise. We will de-
note the vector of modulation symbolsas A = [ay, &,
...an1]". The transmit energy per subcarrier is Ey=E
las]?. Not all reflected waves are individually ‘resolv-
able', that is, areceiver sampling in atime-window of
finite duration will only see the collective effect of
multiple reflected waves within a certain time-
frequency window.

The narrowband mobile channel model can be com-
pacted into a complex received amplitude that istime
varying. We rewrite (1) as (29)

() = 8 8V (1) Xl (We + M)t} +n(t)
n=0

where the time-varying channel amplitude V,(t) at the
n-th subcarrier is (2b)
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V() = @ D exp{- jw +nwg)T; + jw;t}
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akller expansion is Vi(t) = Vi@ (to)+ v (to) (t - to)
+ V@ (to) (t-to)?/ 2+ ... Here v, (t,) denotesthe g-th
derivative of the amplltude with respect to time, at in-
stant t = t,. If the Doppler spread is much smaller than
the frequency resolution of the FFT grid, we may re-
strict our analysisto zero and first order effects. Ina
Rayleigh channel, v, is zero-mean complex Gaussian
for any n and g. To characterize the channel, we are
interested in the covariance of variables v, P and v,

viz., Ev,Pvi* @, where * denotes the complex conj u-
gate. In [20], we have derived this for an exponential
delay spread and a uniform angle of arrival. The co-
variance becomes, for p + g even, 3
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and Ev,Pv,*@ = 0 for p + qisodd.

3. Discrete-Frequency Link Model

In OFDM, aframe of N symbolsis detected by taking
N samples and performing an FFT. In other words,
detection of the signal at subcarrier moccurs by corre-
lation with a complex sinusoid having the frequency of
the m-th subcarrier, viz., exp{-jwt-j(m-Dywet } during
the symbol duration NT. Here D is the frequency offset
normalized to the subcarrier spacing we. In the sam-
pling process, the receiver makes atiming error D,
where D is the time offset normalized to a samplein-
terval T= (Nf) . Thatis, it ssmplesatt=D, D, + T, Dy
+ 2T, ... . We assume that cyclic prefixes avoid any
interframe interference. We use Y as the vector of
length N to denote the output of the FFT inthere-
ceiver. The mth output of the FFT isfound as
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Here, m=0,1,...,N-1and Y =[yo, Y1, ..., Yna] . We
observe that wsT = 2p/N. We introduce the OFDM
system parameter X, @, defined as
N-1 Y 20ikD i
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to describe the signal transfer over the g-th derivative
of the amplitude at subcarier n to the (n+D)-th receive
subcarrier. Thisallows us to rewrite y, as follows: (6)
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In particular, we will consider thefirst two terms of the
expansion, and we denote cp = xp @ and zp = x\. So,
(7)
2pjkDy_ 1 1- exp{j2pD}
N b N 1- exp{j2oD/ N}

For integer D, cp reduces to dp, which isjust a confir-
mation that subcarriers (with a nonfading amplitude)
are orthogonal . Note further that

=- ﬁ& 8
Zp 2 dD ©)
for integer and non-zero D, we see that
N-1)/ D=0modN

R
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Roughly speaking zp / zo» (jpD)*, withD=1, 2, 3, ....,
so the ICI reduces slowly with increasing subcarrier



separation. Relatively many subcarriers make a signifi-
cant contribution to the ICl. We define vector V = [vy,
V4, .., V1] for the subcarrier amplitudes and V' = [vol®,
vi®, .., vis™®]T for the derivatives. For an ideally syn-
chronizing receiver, i.e., with D;= 0 and D:= 0,, the
received signa Y can compactly be written in Discrete
Frequency domain as, (20

Y = (DIAG(V) + TXDIAG(V'))A +N

with DIAG(X) the diagonal matrix composed of the

elements of vector X, and (11
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Not all termsin X address ICl: In (11) the diagonal
terms z, carry signal components from the n subcarrier
to the n-th subcarrier, so in fact the receiver seesa sig-
nal amplitude of (Covin+ ZoTv,P)a,. To address thisin
the following calculations we defineX” = X - zoly. The
wanted signal component in a conventiona receiver
equals V+z,V' T, which in practice closely approxi-
mates V, except in deep fades.

Figure 1 depicts the channel and receiver in the dis-
crete frequency domain. Thus, the FFT is not drawn
explicitly. In a conventional system, W represents the
equalizer, or automatic gain control per subcarrier, to
compensate for fading on the subcarriers.

Channel
Estimator

Figure 1: Discrete-Frequency representation for the
Doppler multipath channel and a (feedforward) OFDM
receiver

4. Receiver I: MMSE ICI canceller

The OFDM receiver seesthesigna Y = QA + N, with
matrix Q = DIAG(V) + T X DIAG(V’). Our OFDM
receiver is extended such that it can not only reliably
estimate amplitudes (as conventional receivers do), but
also complex valued derivatives (which is not common
for normal OFDM receivers), with V and V' the esti-
mate of amplitudes and derivatives, respectively. Then
the data can be recovered as follows:

Create the matrix Q = DIAG(V) + T X DIAG(V').
Compute an MM SE filter W according to

W= Q"[QQ" +Noln]™

For areceiver that perfectly estimates the channel, the
covariance matrix of theresidual ICl plus noise, nor-
malized to unity signal power, becomes

E u
c=ély +—"-Q"Qu (12)
N

The vector of the SINR at the N subcarriersis
(13)
diag(Q) .* diag(Q") Ey ./ diag(C),

where ./ is asubcarrier-by-subcarrier division and .* a
subcarrier-by-subcarrier multiplication. A conven-
tional OFDM link with known channel characteristics
(V, V') would have a noise plus ICI contribution de-
scribed by covariance matrix: (14

Ex XV VX4 N Iy,
The vector of SINR valuesisfound as (15)

diag(Q).*diag(Q™) En./diag(TX" V' V' X ™™ Ext+Nol v).
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Figure 2: Amplitudes [V+zoV'T| and derivatives
zoT|V’|, as afunction of subcarrier number for a sample
channel

We simulated this receiver in Discrete-Frequency do-
main, extending the method presented in [12]: We gen-
erate complex fading amplitudes of a Rayleigh channel
with Doppler and delay spread from an i.i.d vector of
two complex Gaussian random variables G and G’
both with unity variance and length N. The vector G
was then multiplied by a precomputed N-by-N matrix
U, such that UU" is the channel covariance matrix G
with eements G, = Ev,OV,* @, to create V = U G.
Similarly the derivatives are generated from G’ ac-
cordingto V' =2pfoT U G'.

We simulated a HIPERLAN 11 type of system under
extreme Doppler conditions. A carrier frequency of f. =
17 GHz, 200 km/h, N = 64 subcarriers, transmit band-
width of 2 MHz (T = 0.5 ns) and a delay spread of Trus
=1 s Ey/ Ny =100 (20 dB). The Doppler spread is fo
= 3.148kHz and fs = 31.25 kHz. So the average SIR for



a conventional OFDM system would be around 18 dB.
These parameters correspond to the level of ICl experi-
enced in an 8k DVB-T system at normal vehicle
speeds. Figure 2 plots an example of the signal ampli-
tude [V+z,TV'T | and z,T |V’ | as afunction of the sub-
carrier number. Figure 3 gives the SINR after the
equalization filter for a conventional OFDM system
and our proposed solution.
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Figures 3: (0) Signal-to-1Cl-plus-noiseratio in con-
ventional system, (&) SINR in new system as afunction
of subcarrier number for the channel in Figure 2.

Figures 4: Comparison of SNR in conventional system
and SNR in a system with ICI canceller. Every dot
corresponds to one sample channel with N subcarriers.

6. Receiver Il: DFE

We used a DFE receiver architecture inspired by the

L SE structure. It allows iterative computing to mini-

mize the variance of the error between input and output

of the dlicer.

The iteration method contains the following steps for

iteration round i:

- Input: observation Yy, aswell asthei-1-th estimate
of amplitudes V(i-1), derivatives V' (i-1), and data
A(i-1)

- Cdculation of Yy(i), using previous estimates of
derivatives V'(i-1) and data A(i-1), using Ya(i) =
Yo-X (V' (i-1) * A(i-1)

- New estimate amplitudes V(i) from Yy(i)

- New estimate of data A(i), and the corresponding
values of 1/ A(i), and V(i) .* A(i)

- Calculation of Zg(i), Z7(i), Zs(i), Zo(i), Here Zo(i)
acts as the estimate of V'

- Integration of Zg(i) over various rounds, for in-
stance V' (i) =aV' (i-1) + (1-a)Zo(i)

- Output: new estimate of amplitudes V(i), deriva-
tives V' (i), and data A(i)

Starting condition is the all-zero vector for V(0), V' (0)

and A(0).

o A
Figure 5: Discrete-frequency domain representation of
channel and DFE receiver

The following paragraph addresses the selection of
useful choices for the filter in the DFE loop. Filter Mg
attemptsto recover X; from Zg by filtering Z; = Mg Ze.
Using the orthogonality principle, an appropriate
(MMSE-like) choice for Mg follows from the require-
ment

E[(Z7-X3) Z6"] = Oy

We define e as the vector of decision errors, with e =
V*A - V.*A so for Zgwe writeZg=X X3 + N + e, and
insert thisin

Mg E[Z6 Z6"] = E[X5 (X X3 + N + &)]

Modeling of the terms Eeje)”, EXse,™ and EX5"X ey is
not straightforward, so next we will search for simpli-
fying approximations. If e were statistically independ-
ent of X3, one can significantly simplify these expres-
sions. Although such assumption is questionable, it can
lead to a simple and practical receiver design. We sim-
plify the resulting Mg as

Me=X"[E[XX"+G]?

where G is chosen as G = ¢; | y. Exploiting results from
a derivation of the OFDM error probability in fading
channels [20] which is omitted here, a suitable estimate
appearsto be

1= 2 Ex(2pfoT)? (No+ En Seror’/ (4(En/ No + 1)) )

where s« IS the standard deviation for the error in the
event that the dlicer makes a symbol error, Ey / Ny is
the average (local-mean) signal to noise ratio (per sub-
carrier)



Asfar as M5 isconcerned, Zg approximates V' how-
ever it contains error contributions, due to AWGN and
estimation error in A and V. An MM SE filter to esti-
mate Zo = V' follows from E (Z, - V') Zg" = Oy, thus
M; = EV' Zg" [E Zs Z5"]™. We crudely approximate the
error terms by assuming that these are independent of
V' and we only consider the main effects, by postulat-
ing Rzin

MZ - E\_/,\_/,H [E\_/,\_/,H + RS]-l

Experiments revealed that R; a constant times Iy is a
workable solution.

We simulated the channel in discrete-frequency do-
main, as described before. We took the signal-to-1Cl
ratio equal to 1200 (31 dB). Local-mean noiseis at —40
dB (s, = 0.01cy). We considered a channel with nor-
malized rms delay spread T,y / Ts = 0.03. This deter-
mines the correlation between (derivatives of) ampli-
tudes at different subcarriers. The modulation method
is 16 QAM with signal levels at {-3, -1, 1, 3}. In the
simulation, we assumed perfect estimates the subcar-
rier amplitudes. The estimation of derivatives is done
iteratively by the DFE loop. The integration constant
wasseta =0.9,s0 V'(i) =09 V'(i-1) + 0.1 Zy(i). The
constants have been chosen after a short series of ex-
periments with different values.

In the example run of Figure 6, we see that a conven-
tional system would make errors at subcarrier 3, 4 and
5. The DFE system corrects these errors. In Figure 7,
every dot corresponds to one simulation for one par-
ticular channel. We see a significant improvement,
often of about 10 dB.
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Figure 6: strength in dB of amplitudes 10 logyo
diag(VV") and derivatives 10 logy, diag(V'V'") (upper
and lower solid line) and their estimates (+,-) after one
and many iterations respectively, versus subcarrier
number. Also, on same vertical axis, the number of
errors per subcarrier: *:errors by conventional system.
(+) errors by proposed system.
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Figure 7: variance of signa before dlicer, horizontal:
conventional system. vertical: remaining variance after
processing in a DFE receiver.

6 Conclusions

Doppler spread iswell recognized as a major problem
in mobile OFDM reception. Previously contermeasures
to mitigate this problem have been searched mainly by
considering (i.e., estimating and separating) individual
resolvable frequency-shifted components. Estimation,
separation and cancellation of these components can
become a computationally intensive task, and the effect
of signal recovery is sensitive to estimation errors. This
paper took a different approach by modeling the time-
varying subcarrier amplitude of each OFDM subcarrier
channel as a Taylor expansion with amplitude and de-
rivatives.

Our receiver uses estimated derivatives. This simplifies
the computational burden on the receiver asit limits
the number of channel parametersto be estimated. In
the receiver evaluated here, we see that the ICl is
largely eliminated.
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