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Abstract— We consider the problem of channel estimation and
tracking in OFDM systems and explore the idea of adding pilot
symbols to the data symbols as a means to conserve bandwidth.
The term pilot embedding (PE) is used to refer to this scheme.
Compared to the pilot insertion (Pl) scheme, i.e., the conventional
pilot symbol assisted modulation (PSAM), PE is more bandwidth
efficient since no separate subcarriers/timeslots are allocated to
pilots. We formalize this by evaluating the capacity of the two
schemes and showing that PE indeed has the potential to transmit
at a higher rate. The problem of channel tracking using a decision
directed approach is reviewed and found to be unreliable, in the
sense that the channel estimator fails to track the channel variations
after some iterations because of unavoidable decision errors. We
propose an ad hoc channel estimation algorithm that uses the
embedded pilots along with the past decisions of data for reliable
tracking of the channel.

1. Introduction

Orthogonal frequency division multiplexing (OFDM) [1] has
attracted considerable attention in the recent years [2] and [3]. In
a mobile communication system, the channel conditions change
continuously with time. Thus, in order to equalize for the channel
in an OFDM system, one needs to continuously keep track
of the channel. The need for channel estimation and tracking
in OFDM systems can be avoided by employing differential
demodulation. But this results in up to a 3 dB loss in signal-to-
noise ratio (SNR) [4], To perform coherent demodulation, one
needs accurate estimates of the channel fading process. This is
usually obtained by transmitting known symbols called pilots [4],

In decision directed technique [5], pilot symbols are transmit-
ted in the beginning of each communication session to obtain an
initial estimate of the channel. By using this channel estimate to
equalize for the channel, one can make decision for the subse-
quent data symbols. Assuming that the decisions are correct, they
may be used to estimate the channel as it evolves. Unfortunately,
this method may not work in practice, because accumulation of
decision errors may lead to catastrophic failure of the receiver.

An alternate solution is to insert pilot symbols into the data
stream. This scheme which in this paper is referred to as
pilot insertion (Pl) is the conventional pilot symbol assisted
modulation (PSAM) [6]. At the receiver, one first estimates the
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channel at the pilot points. These values are then interpolated,
using a two dimensional Wiener filter [7], to estimate the channel
at the data points. However, periodic insertion of pilot symbols
reduces the effective data transmission rate of the system.

The idea of adding pilot symbols to data symbols as a means
to conserve bandwidth was first proposed in [8] in the context
of single carrier systems. By doing so, it is possible to transmit
data (as well as pilots) at all times, thus avoid any reduction in
the data rate. This scheme which we refer to as pilot embedding
(PE) was used in conjunction with multicarrier systems in [9],
where a semi-blind iterative algorithm was proposed to do the
channel estimation. However, due to the iterative nature of the
algorithm, the computational complexity of this scheme is much
greater than the scheme that is proposed in this paper.

In this paper, we propose a novel decision directed channel
estimation algorithm for an OFDM system employing embedded
pilots. The embedded pilots are used in such a way that they
play the important role of anchoring the channel estimates to
their true values. Thus, even while encountering poor channel
conditions temporarily, we are assured that decision errors are
not going to make the channel estimates deviate away from their
true values. We numerically evaluate and compare the maximum
achievable rate of the PE and Pl schemes and show that the PE
scheme has the potential to transmit at a higher rate. Computer
simulations that show similar or better performance of the PE
scheme, compared to the Pl scheme, are presented.

Il. System Model

We assume that the channel is constant during each OFDM
symbol. Also, we assume that the synchronization is perfect.
Moreover, we assume that the duration of the channel impulse
response is smaller than or equal to the cyclic prefix length,
thus orthogonality of the subcarriers is preserved. Hence, the
demodulated signal sample Y [/,n], in the /th OFDM symbol and
along the nth subcarrier, can be written as [10]

Y[I,n]= H[I, nIX[I, n] + Ar[/,n] 1)

where H[I,n] is the channel gain along the nth subcarrier when
the /th OFDM symbol is transmitted, and Ar[/,n] represents a
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sample of a zero-mean complex Gaussian white noise process
with variance We also assume that H[I,n] has a variance of
a\ = 1, for all values of I and n. Accordingly, the SNR of the
system is defined as

7= @)

IIl. Channel Estim ation
A PE Scheme

In the PE scheme, at the transmitter, pilot symbols P[l, n] are
added to data symbols D[I,n] prior to modulation. Accordingly,
the transmitted symbol X[Il.n] can be written as

= D\I,n] + P\I,n] 3)

Assuming that pilot and data symbols are independent of one
another, the transmit power is the sum of data power and pilot
power, viz., < = a2+ <t~ We define the pilot-to-total power
ratio p = Substituting (3) in (1), we obtain

Y[I,n] = H{l,n1D{I,n] + H{l.ri]P{l.n] + N{l.n]. (4

Since, here, pilot and data symbols are transmitted concurrently,
we may note that the data-to-noise power ratio, which determines
the BER when the channel is known, is slightly lower than the
SNR defined in (2). We define the effective SNR

70if = Orffafi = (1 - p)l- 5)

In (4), the challenge is to solve for H[I,n] and thereby
determine D[Il.n], inspite of having three unknowns in H[Il.n],
D[I. n] and N[I, n]. We solve this problem with the help of pilots
and by making use of the known statistics of the channel and
noise and also the fact that the data symbols are from a finite
set. We propose a three step algorithm as follows:

Step 1: Prediction - A priori estimates

We start by predicting the channel gains for each of the subcarri-
ers on the fcth (present) frame. For predicting the channel at the
rnth subcarrier of the fcth frame, we select a few demodulated
signal samples from its adjacent subcarriers on a few of the previ-
ous frames. From each of these, we remove the pilot component
and then normalize by the corresponding data estimates, viz..

Y[I, ] —H[I, n] P[I, n]
DIlri]

(6)

We arrange all the selected Hi[l,n] in a column and denote this
vector by hi. We also define the autocorrelation matrix Ri =
E{hihf} and the crosscorrelation vector ri = E {hi H*[k,rri}},
where the superscripts * and H denote complex conjugate and
Hermitian, respectively. The Wiener filter coefficients are then
given by wi = Rj_1ri and we obtain the channel estimate
Hi[k.rn] = wfhi. Using this estimate, we remove the pilots.
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equalize the channel and make a hard decision Di{k,rn] for the
transmitted data symbol D[k.rn\.

Step 2: Tracking - Pilot based estimates
To get reliable estimates of the channel based on pilot symbols,
we remove the data portion and then normalize by the pilot
symbols to obtain the channel estimates
Yjl.n]-H[I,n]DI[I,n]

P\I,n1
)
I = k.

where D{l.n], for I < k, are the final estimates of data in the
previous frame (obtained in Step 3), and Di[k. n] are the data
estimates obtained in the previous step. Arranging all Hn{l,ri]
in a column vector h2, similar to hi above, and defining Rt =
£{h2h?} and r2 = E{ii2H*[k, m]}, we obtain w2 = R"Jr2
and the second channel estimate iJ2[Aym] = w”h2. This is
then used to obtain the corresponding decision _D2[Aym], after
removing the pilots.

Step 3: Smoothing - Decision directed estimates

The pilot-based channel estimates obtained in Step 2 may be very
noisy, since the pilot power is usually a very small fraction of
the total signal power. Nevertheless, this channel estimate and
the corresponding data estimates are reliable in the sense that
they are not subject to catastrophic failure. In this final step, we
employ one more filtering operation to finish up with a good,
noise suppressed estimate of the channel. The normalization of
Y[I.n] at this step is described by

Y\I,n]-H\I,n]P\I,n]

D\Ln] <k

HS-.n) (8)
Y[I,n]-H-2[1,nP[l,n] .
D-\I,n) :

Again, if we arrange the channel estimates Hs[l.n] in a col-
umn vector hs, and define R3 = E{h;h!lj and rs =
Eth:Y/" /e in the final estimate of the channel is obtained
as H[k.rn) = H:i[k,m] = w~h3, where w3 = R.JIr3. After
equalizing with this channel estimate, we will get the final data
estimate D\k.m}.

B. Pl Scheme

In the Pl scheme, the first estimate of the channel is obtained
through the traditional PSAM scheme [6]. This is equivalent to
Step 2 in the PE case - there is no Step 1 here. This will be
followed by a better estimate of the channel which is obtained
by using the decisions obtained after equalization using the first
estimates of the channel. Wiener filtering similar to Step 3 in the
PE case is then applied to improve on channel estimates before
the final equalization and data estimates are performed.
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IV. Capacity Comparison of thf: PE and Pl Schfmfs

In order to bring out the advantages of the PE scheme, we
need to show that its performance compares favorably with the
conventional PSAM scheme, i.e., the Pl scheme. In this section,
we take an information theoretic approach and compare PE
and Pl schemes in terms of their achievable capacity. Since in
practical applications symbols of finite alphabet are used, we
evaluate the channel capacities when data symbols are from a
finite alphabet.

A. Capacity of a Rayleigh fading channel

Consider a system where the demodulated signal can be written
as

Y =HD + N. 9)

This is the same as the channel model (1), except that we have
removed the time and frequency indices for convenience of no-
tations. In what follows, we first assume that perfect knowledge
of the channel H is available. The results are then extended to
the cases with imperfect channel estimates by subtracting the
corresponding loss in SNR due to estimation errors. We also
restrict ourselves to the case where D is selected from an ro-ary
PSK alphabet with equal probability 1/m. The equal probability
follows from the symmetry of PSK symbols.

The capacity C can be related to the mutual information T as

[HI. 1121

Cc

T(D:Y,H) = T(D:Y\H)+T(D:H)
T(D:Y\H)

(10)
since independence of D and H implies T(D: H) = 0. Equation
(10) can be expanded as [11]

Cc JI"T(D:Y\H = h)fH (h) dh (11)

fyY (y\<lIh)

ﬁfr{y\d, /<)log dy dh

AX

where fy{y) and /j?(/t) are the probability density functions of
Y and H, respectively, and d denotes an element in the input
alphabet set. Since

(12)

we see that the capacity depends only on the single function
h*'{y\dJi) which happens to be a two dimensional Gaussian
distribution function; when D and H are known, then E{Y} =
HD and the only ambiguity in Y is the noise N. We can thus
evaluate (11) using numerical integration in two dimensions [13].
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B. Effects of channel estimation errors

Here, we derive the SNR loss due to channel estimation
errors. The channel estimation mean square error (MSE) of
the PE scheme can be calculated by considering the smoothing
stage and assuming that all decisions made are correct. Once
again dropping the time and subcarrier indices for the sake of
convenience, we define the channel estimation errorase = H —H
and the channel estimation MSE as of = /?{|e|2}. From the
Wiener filter theory [14], we have

Wfr 3. (13)

This is for the PE scheme. It can be readily extended the PI
scheme simply by letting p = 0 while evaluating (13).

Recall that in the PE scheme, we first subtract the quantity H P
from the demodulated signal before equalizing. The equalizer
input is thus given by Y' = HD + iVeff, where Nefr = ¢(D +

P)+ N. Here, we define the effective SNR 7eff = which
can be evaluated as (recalling the assumption =1)
7eff = (1-p)r/7 (14)

where 1/ 11;?;\ . Finally, one can show that Ne® and H are

weakly dependent, thus can be assumed to be independent [15].
Noting this, one can calculate the capacity of a system with
imperfect channel estimates by substituting 7eff for SNR.

C. Capacity curves

For the PE scheme, we allot 10% of the total power for the
pilots, i.e., p = 0.1. Computer simulation and also theoretical
analysis show that p = 0.1 is a near optimum choice for
minimizing the BER [16]. Moreover, we note that p = 0.1
translates to a loss of about 0.5 dB in SNR. In addition to this
loss, we have the SNR loss due to the channel estimation as
discussed above. Given 7eff, we can evaluate the achievable rate
of a QPSK signal constellation using (11).

For the Pl scheme, we only have the SNR loss due to
channel estimation. However, the achievable data rates have to
be multiplied by a factor that takes care of the rate loss due to
pilot insertion. The percentage of pilot symbols in most of the
practical cases [17], [18] and also in broadcasting standards [2],
[3] is usually around 10%. Accordingly, we multiply the resulting
capacity values by 0.9.

The capacity results of the two schemes evaluated as above are
shown in Fig. 1for the fading rate of fd = 0.05 normalized to the
OFDM frame rate, Ts. Similar curves are obtained if fd is varied
over a wide range. At low SNR, the two schemes have almost
identical capacity. But as SNR increases, the difference becomes
more prominent. This is because at high SNR, the discrete (here,
QPSK) capacity is relatively flat and hence the loss in SNR due
to pilot power in the PE scheme is insignificant. However, for
the Pl scheme, the rate loss due to pilot insertion can never be
compensated.
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Fig. 1. Capacity of a QPSK system as a function of SNR for fdT,, = 0.05.

V. Simulation Results

We assume an OFDM system which employs a 128 point
IFFT. The middle 113 subcarriers are used for data transmission
and the rest are left as guard bands. The channel duration is
assumed to be of 16 symbol-spaced taps, exponential delay power
profile, with an RMS value of 4 taps. Each tap is an independent
random process changing according to the Jakes* model with
the specified fading rate fy. Each OFDM symbol is assigned
a cyclic-prefix of 16 samples. The input symbols are selected
from a QPSK constellation with Gray encoding. For all two
dimensional filtering operations, we use a 5-by-5 filter. In the
case of PE scheme, we choose p = 0.1, i.e.,, 10% of transmit
power is allotted to pilots. In the case of Pl scheme, 10% of
symbol slots is allocated to pilots.

In order to get an insight into how the proposed PE-based
algorithm performs, plots of the channel estimation MSE at the
output of the three stages of the algorithm, in a typical run,
is presented in Fig. 2. The mean here refers to the average
of the squared estimation errors along all the subcarriers in a
given OFDM symbol. We note that the MSE at the output of
the predictor is much smaller than that of the tracking stage.
This is because, in the tracking stage, we use the (low-power)
pilot symbols to obtain the channel estimates. These estimates, in
spite of being noisy, are unbiased and hence reliable in the sense
that they never deviate away from their true values, even when
channel is in deep fade and many decision errors may occur. The
third stage improves on channel estimates and results in a MSE
that is lower than that of the previous two estimates.

Another aspect of the PE-based algorithm, that is observed
from the results of Fig. 2, is the ability of the algorithm to
rapidly converge to the neighborhood of the true channel values,
starting from no a priori knowledge. We started this run with
random values for the initial data symbols, and did our predicting.

IEEE Communications Society
Globecom 2004

1247

—©— Prediction
—&— Tracking
—— Smoothing

OFDM symbol

Fig. 2. The channel estimation MSE in each of the three stages of the proposed
PE-based algorithm.

tracking, and smoothing using them. This observation, which we
have seen consistently in simulation, strongly supports our claim
that the embedded pilots help in anchoring the channel estimates
to their true values.

In Section 1V, we compared the capacity of the two pilot based
schemes and found that at higher SNRs, the PE scheme has the
potential to transmit at a higher rate. We now support this claim
by giving some simulation results.

We first consider a PE scheme with a rate 9/10 convolutional
code. This code is derived from the rate 1/2 convolutional code
with the octal polynomials (133, 171) by appropriate puncturing
[11]. The encoder has a memory of 6 bits and hence a tail of 6
zeros are needed to clear its memory every time. The receiver
uses a soft-decision Viterbi decoder with a truncated memory
length of 30 bits [19]. We follow the interleaving procedure
recommended in IEEE 802.11a standard [20] which suggest a
bit-by-bit block interleaving within each OFDM symbol. Since
the interleaving is done individually within each OFDM symbol,
there is no processing delay. The coded and interleaved bits
are mapped to QPSK symbols, which are used to modulate the
subcarriers. For the Pl scheme, along alternate OFDM symbols,
every fifth subcarrier transmits a pilot symbol. Hence, ten percent
of the bandwidth is occupied by the pilots. There is no coding
employed by the Pl case in this example. We now have two
systems that transmit data at the same rate - the Pl scheme allots
10% of the subcarriers for pilots, where as the PE scheme uses
them for coding. In Fig. 3, we plot the BER of the two schemes
under the above setup and find that the performance of the two
schemes are almost identical. Note that the horizontal axis is the
bit power per noise noise power, Eh/N,}. This accommodates the
SNR loss due to the pilots power.

As a second example, we now compare the packet error rate
(PER) of the two schemes assuming BCH coding [11], where
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Fig. 3. Comparison of BI;R of the two schemes under equal data transmission
rate at a fading rate of /,jTs =0.001.
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Mg. 4. Comparison of PI;R of the two schemes under equal data transmission
rate with RCH coding. The result are for the case /,jTs = 0.001. The results
confirm that at high SNRs the PI; scheme can have superior performance.

the term packet here refers to each block of BCH code. For the
PE scheme, we employ a 45/63 BCH code that can correct up to
three bits. The Pl scheme employs the same pilot pattern as that
of the previous example. Hence, to make the transmission rates of
the two schemes the same, we apply a 51/63 BCH code for the PI
scheme, which can correct up to two bit errors. Assuming perfect
interleaving, we can assume that the bit errors are uniformly
distributed. Hence, from the uncoded BER, one can calculate the
packet error rate. These curves are plotted in Fig. 4. We note
that at higher SNRs, the PE scheme has a superior performance.
We also note that PER curves of the known channel case and
the PE case differ by a constant horizontal shift of about 1.5 dB.
This shift arises because of 0.5 dB loss due to pilot power and
another | dB due to channel estimation error.
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VI. Conclusion

We studied the possibility of adding pilots to data for the
purpose of channel estimation and tracking in OFDM systems.
This scheme, which we called pilot embedding (PE), was com-
pared against the conventional pilot assisted scheme where pilot
symbols are inserted in between the data symbols. It was shown
that the PE scheme has the potential of offering a higher capacity
when compared with the pilot insertion (PI) scheme. Computer
simulations that show equal or superior behavior of the PE
scheme against Pl scheme when both systems transmit at the
same rate were also presented.
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