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Abstract

Estimating a channel that is subject to frequency selec-
tive Rayleigh fading is a challenging problem in an or-
thogonal frequency division multiplexing (OFDM) sys-
tem with a nonlinear amplifier, e.g., clipping. We pro-
pose an iterative algorithm to efficiently estimate the
channel impulse response (CIR) of a clipped OFDM sys-
tem operating in an environment with a multipath fad-
ing channel and additive white Gaussian noise (AWGN).
A tight lower bound on the mean square error (MSE)
of channel estimation is given both by analysis and sim-
ulation. The iterative channel estimation algorithm is
capable of improving the channel estimate by making
use of pilot tones or using the channel estimate of the
previous frame to obtain the initial estimate for the iter-
ative procedure. In each iteration, nonlinear distortion
is estimated and compensated assuming the nonlinear
characteristic is known. Simulation results show that
the bit error rate (BER) and MSE of channe! estimate
can be significantly reduced by this algorithm.
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INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) [1], a
spectrally efficient form of FDM, divides its allocated chan-
nel spectrum into several parallel sub-channels. OFDM is
inherently robust against frequency selective fading, since
each sub-channel occupies a relatively narrow band, where
the channel frequency characteristic is nearly flat. However,
it is not possible to make reliable data decisions in OFDM
systems unless a good channel estimate is available. Thus,
an efficient and accurate channel estimation procedure is
necessary to coherently demodulate received data [2]-[5].
Unfortunately, one particular problem with OFDM signals,
which is considered a major drawback of OFDM transmis-
sion, is its large envelop fluctations, i.c., large peak-to-
average power ratio (PAPR). This Gaussian noise-like am-
plitude with a very large dynamic range is caused by im-
plementing the inverse fast Fourier transform (IFFT) at the
transmitter side. Therefore, it requires RF power amplifiers
with a high dynamic range. When transmitted data with
high peaks is passed through nonlinear devices or channels,
such as clipping in digital-to-analog converters (DAC) or
high power amplifier (HPA), the signal may suffer signifi-
cant spectral spreading, in-band distortion and more critical
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undesired out-of band radiation. Another serious effect is
the increased bit error rate and the difficulty of performing
channel estimation in the presence of a nonlinearity because
the additional nonlinear distortion creates inter-carrier inter-
ference (ICI).

There are two directions to mitigate this large PAPR effect.
The obvious and popular one is to reduce PAPR. There are a
number of methods to reduce PAPR reported in the literature
[6]-[8]. The other direction focuses on the OFDM signal
reconstruction with nonlinear effect detection and compen-
sation [9]-[12]. All these signal detection methods assume
perfect knowledge of the channel state information. In the
case of an unknown channel, the problem becomes one of
joint channel estimation and signal detection with nonlinear
distortion. We have not found any related paper studying
this challenging problem in the literature. In this paper, we
propose an iterative channel estimation and signal detection
procedure with compensation of the nonlinear effect.

NONLINEAR DISTORTED OFDM SYSTEM MODEL
In this paper, we only consider the nonlinear amplifier at
the transmitter side and we only deal with one simple non-
linear distortion-clipping or SL (soft limiter). Nevertheless,
the same analysis can be modified for the case where the
distortion is caused by the channel or the receiver and more
complicated nonlinear amplifiers. The clipped outputs of the
time-domain signals are given by
oy |z, lak)i<A

r (k) - { Aed arg{z(k)}’ |5L'(k)| SA4 (1)
where A is the clipping threshold.
If we suppose the only nonlinear amplifier is at the transmit-
ter, we can write the input-output relation as

20 (k) = =(k) +d°(k), 2

and obviously d?(k) = z9(k) — z(k), where those signals
with superscript g represent the corresponding signals with
nonlinear distortion triggered by function g [10].

Since the distortion is carried out after the IFFT at the trans-
mitter, the corresponding distorted frequency-domainsignals
that generate the distorted time-domain signals are given as

X% = FFT{z%}
FFT{z + d°}
= X+D°. )

The corresponding frequency-domain distortion D? repre-
sent the in-band distortion components which determine a

i
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degradation of the system BER. If the continuous OFDM
system is considered, the out-of-band distortion components
will affect adjacent frequency bands. In many applications,
out-of-band emission might become intolerable even when
BER degradation is still acceptable. Reducing out-of-band
emission is needed in these situations, e.g., filtering [6]. We
only analyze the effect of in-band distortion in this paper.

In the presence of nonlinear amplifier, we may obtain the.
OFDM system model as

Y9(k) = H(k) (X (k) + D?(k)) + N(k), (4)

where k is the subcarrier index.

The existence of the in-band distortion D¢ makes the sig-
nal detection difficult when the channel is known because
the distortion terms DY are usually unknown or difficult to
estimate since ICI D9 occurs due to the nonlinear distor-
tion. Moreover, in the case of unknown channel, channel
estimation becomes a challenging problem.

A LOWER BOUND OF CHANNEL ESTIMATION FOR
CLIPPED OFDM

As stated above, the existence of the nonlinear distortion
makes it more difficult to estimate the channel and and it
also degrades the channel estimation accuracy. Now we
assume the whole frame of OFDM transmitted signals are
known at the receiver. Thus, the distortion terms in the
frequency domain D? are also known as long as the clipping
threshold A is known, since the distortion in the time-domain
is deterministic from the time-domain transmitted signals z.
The straightforward method to estimate the channel is least
square (LS) estimation

A (k) = arg min [Y9(k) — H(k) (X (k) + D*(k)) [*. (5)

It is equivalent to obtain H™ (k) by

Y(k)
X () + DI(R)’ ©)

The MSE of the channel estimation using this LS method is
2
— H(k) }
2 }

R 1
= 2""E{|X<k>+5s(k)|2}’ @

where we omit the subcarrier index k for simple notation.

HO() =

1 ~ (1
MSE(H) = -E{IZ" - HI}

_ el r®
N X (k) + Ds(k)
_ el Nw
- X (k) + Ds(k)

In order to evaluate (7), the pdf of the random variable

|X (k) + D?(k)| should be derived first. However, it is not
a easy task since 1Y depends on X. Thus, we first obtain a
lower bound on the MSE. We define a new random variable

Z = X (k)+D9(k). Then the MSE of the channel frequency
response becomes ,

1
— 9,2
MSE(H) = 2U"E{|Z|2}' (8)
From the Cauchy-Schwarz inequality, we have the following:
—2{l L 2
1—E{ZZ}5E{Z2}E{Z}. 9)
Thus, we obtain the following lower bound on the MSE
1
MSE(H) > 202 . 10
W2 2nemx@+oowpy 10

The FFT and IFFT operations preserve the signal energy in
the time-domain and the frequency-domain, i.e.,

E{|X (k) + D'(k)I*} = E{|z(k) + &(®)["}.  (11)
Using the reasonable approximation that the time-domain
signal amplitudes |z(k)| have a Rayleigh distribution since

they are the superposition of M identical independent ran-
dom variables X, the above expectation has a closed form

A 2
E{|z(k) + (k)[?} = / P e X dr + APP(r > 4)
1] X

— A2
20% (1 —e 2_"5) . (12)

The lower bound of (10) becomes
2

___Zn___ﬂ__, (13)
o% (1 —e 573;)

Furthermore, if we know the channel delay spread L, i.e.,
h = [ho, -, hr—1,0,---,0]7, we can further reduce the
MSE of the channel frequency response by a factor of %
Therefore, the final lower bound is give by

MSE(H) > — 2% (14)

4z
Mo% (l—e mx_)

Comparing (10) with the Cramer-Rao lower bound of the
channel estimation without nonlinear distortion [17]
Lo2
M ag{ ?
we found that the MSE of the channel estimation with non-
linear distortion is approximately degraded by a factor of
2

MSE(H) 2

CRLB(H) = (15)

1—e *x. In fact this degradation comes from the signal
power loss due to the clipping.

We constructed an OFDM model to demonstrate the valid-
ity and effectiveness of the EM-based signal estimation al-
gorithm. The entire channel bandwidth is 400kHz, and is
divided into 64 subcarriers (or tones). To make the tones
orthogonal to each other, the symbol duration is 160 us. An
additional 20 us cyclic prefix is used to provide protection

1305



CRLB withoul clipping
Approximaie lower bound

! !
] 2 4 6 8 10 12 14 16 18
Eb/No

Figure 1. Mean squareerror v.s. E; /Ny when the clipping
level is 0dB

from ISI and ICI due to channel delay spread. Thus, the
total OFDM frame length is T; = 180 us and the subchan-
nel symbol rate is 5.56 kbaud. The modulation scheme used
in the system is QPSK. One OFDM frame out of 8 OFDM
frames has pilot symbols and 8 pilot symbols are inserted
into such a frame. The simulated system can transmit data at
700 kbits/s. The maximum Doppler frequency is chosen to
be 55.6Hz, which makes f;7; = 0.01. The channel impulse
response used in the simulation is given by

. 7
h(n) = éZe_kﬂaké(n - k),
k=0 .

where C = /3 t_, e~* is the normalization constant and
ag,0 < k < 7 are independent complex-valued Rayleigh
distributed random variables with unit energy, which vary in
time according to the Doppler frequency. This is a conven-
tional exponential decay multipath channel model.

Figure 1 shows the MSE performance of the simple LS algo-
rithm. We also show the Cramer-Rao lower bound (CRLB)
of non-clipped OFDM system and the approximate lower
bound (14). The clipping threshold is 0dB, i.c., a severe
nonlinearity. Several interesting conclusions can be made
from this figure. First, the lower bound (14) is a tight bound,
which can be used to predict the MSE of OFDM channel
estimation with clipping. Second, the MSE degradation due
to clipping in OFDM systems is not large, e.g., when the
clipping level is 0dB, the MSE degradation is only about
2dB. When the clipping level becomes higher, the degra-
dation is even smaller (closer to the CRLB of non-clipped
OFDM system). In the next section, we propose an iterative
channel estimation algorithm to improve the channel estima-
tion accuracy when only some pilot symbols are known at
the receiver. -

ITERATIVE CHANNEL ESTIMATION ALGORITHM
Our objective is to estimate the time-domain response h or
the corresponding frequency-domain response H from the
observed data Y9 with nonlinear distortion. Since OFDM
separates the whole frequency selective channel into several
paraliel frequency flat channels, we only need to estimate
the individual H(k)'s,0 < k¥ < M — 1. To simplify the
expressions, we omit the sub-carrier index k in the following
expression, and write Y9, X and H instead of Y?(k), X (k)
and H (k). The initial channel estimate H' () comes from the
pilot symbols inserted in the OFDM time-frequency grids.
The initial signal estimate can be obtained by

g
XM = Hard Decision {%} ) (16)

M = IFFT(X®). (17)

In the next iteration, we estimate the nonlinear distortion
p_.ml as

D9 = FFT@#‘)
= FFT(g(z™)-2z®) (18)

Ifthe XM = X i.e., the BER is small enough, then D9"! ~
D9. After we have attained the estimates of the channel
and the nonlinear distortion in the p*? iteration, the simple
LS estimation algorithm and distortion cancellation of the
(p+1)** iteration can be carried out and the improved channel
estimate and thus signal estimate and nonlinear distortion can
be obtain as

Ys

() — -~
H ~ X® 4+ Dsp or (19)
— H® ps:
H@+) Yg_}!{i(:;‘.ﬂ (20)
v9 — gP) D9.p
(r+1) _— isi -
X = Hard Decision { @ },(21)
) = IFFT(X (D), (22)
DS = FFT(g(g) - g7+, (23)

Figure 2 and 3 show the performance of the proposed iterative
channel estimation algorithm when the clipping threshold is
0dB, which is a very severe clipping case. The effectiveness
of the iterative algorithm can be observed from these two
figures. However, the BER does not converge to the BER
of the known channel nor does the MSE converge to the
MSE of the known transmitted signals, which is considered
as a lower bound. This is mainly because of the nonlinear
amplifier at the transmitter. Furthermore, the performance
improvement is gained almost all in the first iteration. The
second iteration has only a slight BER improvement and
negligible MSE improvement. Further iterations do not show
any performance improvement. This leads to the conclusion
that one or two iterations is enough to gain the benefit from
the nonlinear distortion estimation and cancellation.

Similarly, Figure 4 and 5 show the performance of the pro-
posed iterative channel estimation algorithm when the clip-

1306



ppn T T
:-f @~ perfect CIR with clipping
niti imation

—& first iteration

BER

Figure 2. Symbol error rate v.s. E; /N, when the clipping
level is 0dB

MSE

Figure 3. Mean squareerror v.s. E;, /N, when the clipping
level is 0dB
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Figure 4. Symbol error rate v.s. E;, /N, when the clipping
level is 3dB

Figure 5. Mean square error v.s. E}, /Ny when the clipping
level is 3dB

ping threshold is 3dB, which is a moderate clipping case.
Similar conclusions can be draw as the above severe clipping
case. Furthermore, the larger the clipping level, the closer
the performance to the lower bounds in terms of BER and
MSE.

CONCLUSION

We have proposed an iterative algorithm to efficiently esti-
mate the channel impulse response (CIR) of a clipped OFDM
system operating in an environment with a multipath fading
channel and additive white Gaussian noise (AWGN). A lower
bound for the MSE of channel estimation is given by analysis
and simulation. It is a tight lower bound.The iterative chan-
nel estimation algorithm is capable of improving the channel
estimate by making use of pilot tones or using the channel es-
timate of the previous frame to obtain the initial estimate for
the iterative procedure. In each iteration, nonlinear distortion
is estimated and compensated. Simulation results show that
the BER and MSE of channel estimate can be significantly
reduced by this algorithm. Most performance improvement
is attained in the first iteration, which is another merit of
the algorithm. Moreover, The larger the clipping level, the
closer the performance to the lower bounds. We will intro-
duce channel coding schemes to further improve the accuracy
of channel estimation in our future work.
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