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Multicarrier Signal Detection and Parameter
Estimation in Frequency-Selective

Rayleigh Fading Channels
Toshiaki Kuroda,Member, IEEE,and Tadashi Matsumoto,Senior Member, IEEE

Abstract—A new joint signal detection and channel parameter
estimation scheme is proposed for multiple subcarrier signaling
with pilot symbol-assisted modulation (PSAM) schemes. The
proposed scheme estimates a pair of parameters associated with
the generation process of the fading frequency selectivity, which
is common to all the subcarriers. This parameter estimation can
effectively extract information regarding the fading frequency
selectivity through the pilot symbols received not only by the
subcarrier of interest, but by other ones as well. The fading
complex envelope with each subcarrier is derived from the
estimates of the parameter pair. With the proposed scheme,
performances are evaluated through simulations and are com-
pared with performances of a subcarrier-by-subcarrier detection
scheme.

Index Terms—Channel estimation, digital cellular system, fre-
quency selectivity, multicarrier signal detection, pilot symbol-
assisted modulation (PSAM).

I. INTRODUCTION

I N MULTIPLE subcarrier signaling, the entire bandwidth
is divided into severalconsecutivesubbands, in each of

which the subcarrier frequency centered at the center of
the subband is modulated by a relatively low-speed digital
signal. If the symbol rate of each subcarrier is and there
are subcarriers, the total symbol rate is . This total
symbol rate may require an entire bandwidth larger than or
equivalent to the channel coherence bandwidth. However, each
subcarriers’ bandwidth is small enough to prevent the received
signal from being damaged by intersymbol interference (ISI).
Hence, multiple subcarrier signaling is effective in reducing
the effects of fading frequency selectivity encountered in
mobile communications channels. The need for channel equal-
izers, which might be required for a single carrier signaling
scheme with the same (total) symbol rate , is eliminated.

Recently, pilot symbol-assisted modulation (PSAM) has
been proposed [1]–[4] for mobile communication applications,
where the fading complex envelope is estimated using pilot
symbols periodically embedded in the information symbol
sequence to be transmitted. For coherent detection, the com-
plex conjugate of the fading envelope estimate is multiplied
by the received signal sample. References [2] and [3] use
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interpolation techniques for the fading estimation and apply
it to the multilevel quadrature amplitude modulation (QAM)
signal transmission over Rayleigh fading channels. References
[1] and [4] combine the PSAM signal detection with decoding
of trellis codes. Recently, [5] analyzes the performance limit
of the pilot-assisted coherent signal detection, where a Wiener
filter is used to minimize the variance of the estimation error
within the class of linear filters.

When PSAM is used in subcarrier signaling, unlike the
case of single carrier, information about the fading complex
envelope can be more frequently extracted by locating the pilot
symbols at different timings forsomeof the subcarriers. Even
then, the frequency of the pilot transmission remains constant
for each of the subcarriers. This suggests the use of pilot
symbols for more precise fading estimation than the single
carriers case, while keeping the overall spectrum efficiency
( per-subcarrier information symbol rate/) constant. With
multiple subcarrier signaling, each of the subcarriers suffers
from almost frequency-flat fading because , where
is the channel delay spread. The fading complex envelopes
with the subcarriers are different from each other, but
correlate closely. Therefore, if fading estimation for coherent
detection takes place subcarrier-by-subcarrier, this scheme
utilizes neither the frequent pilot symbol reception nor the
fading correlation among the subcarriers.

The motivation of this work is to develop a new joint
signal detection and channel parameter estimation scheme for
the coherent detection of multiple subcarrier PSAM signals.
The proposed schemedoes notestimate the fading complex
envelope witheachsubcarrier in a straightforward manner, but
estimatesa pair of parameters associated with the generation
process of the fading frequency selectivity, which is common
to the subcarriers. The fading complex envelope witheach
subcarrier can be derived from the estimates of the parameter
pair. Hence, this process makes effective use of the pilot
symbols received by different subcarriers (not necessarily the
one of interest). The proposed scheme is not an equalizer for
ISI cancellation because if an equalizer is used in the multiple
subcarrier system, the benefits of will be missing.

The proposed scheme uses two types of Kalman algorithm
for parameter estimation. A standard recursive least-square
(RLS) algorithm is first used to obtain estimates of the
parameter pair for known symbols such as pilot symbols.
Assuming that the parameter pair at symbol timingcan
be expressed as a function of , a decision-directed
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Kalman algorithm with as a control force
is then used to obtain the estimates of the parameter pair for
information symbols. Interpolation or curve-fitting schemes
may be used to determine from the estimates for the
known symbols.

This paper is organized as follows. Section II shows the
system model used in this paper, describes mathematical
expressions for the model, and defines the goal of this work as
a joint detection and parameter estimation problem. Section III
derives algorithm for the estimation of the parameter pair for
pilot and information symbols. Section IV shows the results
of computer simulations for the performance evaluations with
the proposed scheme. Four-subcarrier pilot symbol-assisted
16QAM (4-PSAM/16QAM) is used as a modulation scheme
for the simulations. The performance of the proposed scheme
is compared with that of the coherent detection based on
subcarrier-by-subcarrier fading estimation.

II. SYSTEM MODEL

The entire bandwidth is divided into consecutivesub-
bands having center frequencies of

(1)

where and is the channel separation
required to prevent adjacent subcarriers from interfering with
the subband signals. It is assumed throughout this paper
that with appropriate choices of and a rolloff filter the
interference from the adjacent subcarriers can be ignored.1 The

th subcarrier has a center frequency of. Each subcarrier
is modulated by a relatively low-speed digital signal. It is
assumed that a multilevel phase-amplitude modulation scheme
is used such as phase-shift keying (PSK) or QAM and that the
same modulation scheme is used for all thesubcarriers.

1) Transmitter: The th subcarrier is modulated by the
symbol sequence to be transmitted, where

is the symbol timing index. ( ,
where and are the in-phase and quadrature components,
respectively) takes one of the signal points defined as a
modulation alphabet. It is assumed that the subcarriers’
symbol timings are synchronized with each other. The symbol
sequence is segmented into frames with length of(
symbols in a frame in total). Fig. 1(a) shows an example of
the frame format. The information symbol sequence is headed
by a unique word sequence with length of ( symbols
in total). The pilot symbols are periodically embedded in the
information symbol sequence. The pilot symbols are located
at different timings forsomeof the subcarriers (this is referred
to as “offset pilot location” for convenience) so that receivers
can extract information about the fading complex envelope
more frequently than for the single carrier’s cases.

Fig. 1(b) shows a block diagram of the transmitter in the
equivalent complex baseband domain. The symbol sequence

is filtered by a rolloff filter for spectrum shaping. It is
assumed that the overall transfer function of the Nyquist rolloff
filter is shared equally by transmitter and receiver. Hence, the

1The class of the system discussed in this paper includes an orthogonal
frequency-division multiplexing scheme [7].

modulating signal of the th subcarrier is the output
wave form of the root Nyquist rolloff filter. The composite
signal comprised of the modulated subcarriers can
then be expressed as

(2)

where . This complex composite signal is upcon-
verted and transmitted.

2) Channel: It is assumed that the fading frequency se-
lectivity is due to an -path propagation scenario [6]. The
equivalent baseband transfer function of the -path
Rayleigh fading channel can be expressed as

(3)

where and are, respectively, the fading complex
envelope and the delay with theth propagation path, and

is the delta function. Without loss of generality,
is assumed. Because of the multiple subcarrier signaling, the
channel delay spread is assumed to be small
enough compared with the symbol duration .

3) Receiver: Fig. 1(c) shows a block diagram of the re-
ceiver. For the th subcarrier, the output of the root
Nyquist receiver filter becomes

(4)

where is the overall response of the Nyquist rolloff filter
to the input symbol sequence given by

(5)

with

(6)

being the overall impulse response of the filter andbeing
the rolloff factor, and is the additive white Gaussian
noise component on theth subcarrier.

The receiver does not use an equalizer for the ISI cancel-
lation. The receiver filter output is sampled at each symbol
timing . Ignoring the ISI components in (5), because of

, the filter output sample can be approximated as

(7)

where , and
. It is found from (7) that defined by

(8)

is the (frequency-flat) fading complex envelope theth sub-
carrier is suffering from. Note that and are
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(a)

(b)

Fig. 1. (a) Example of frame format for multiple subcarrier PSAM. (b) Block diagram of transmitter.

zero-mean complex Gaussian processes with variances of
, and , respectively. If

the average signal power , the average received
signal-to-noise power ratio (SNR) for the th subcarrier is
defined as .

Coherent detection requires an estimate of .
is multiplied by , where de-

notes the complex conjugate, and a symbol closest to
is then selected from among the

modulation alphabets and output as a decision result. Hence,
the objective of joint signal detection and parameter estimation
for the multiple subcarrier PSAM is to provide coherent
detectors with accurate estimates ’s of ’s for
each subcarrier using known symbols, such as the unique word
and pilot symbols, as well as the previous decision results for
the information symbols. For subcarrier-by-subcarrier detec-
tion, the fading estimation schemes for single carrier PSAM
[1]–[4] can be used. However, this does not take into account
the generation process of the fading frequency selectivity
expressed in (3), which is common to the subcarriers, nor
does it exploit the benefit of the offset pilot location.

III. A LGORITHM

A. Proposed Scheme

The fact that is used again. Ignoring higher order
terms of in (8), can be approximated as

(9)

where

(10)

and

(11)

The parameter pair of and is associated with the
generation process of the fading frequency selectivity and is
independent of . If the estimates and of the
parameter pair can be obtained, the estimate of the
fading complex envelope for the th subcarrier can
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(c)

Fig. 1. (Continued.) (c) Block diagram of receiver.

also be obtained by using (9). Hence, the proposed scheme
aims to estimate the vector instead
of itself.

The proposed scheme is comprised of two stages. A standard
RLS algorithm is first used for the known symbols, and
a decision-directed Kalman algorithm is then used for the
information symbols.

1) Parameter Estimation for Known Symbols:The order-
ing of signal processing for the known symbols is from small
to large (but not contiguous) corresponding to the pilot
symbol timings. Let the ordering for signal processing be
reindexed by contiguous. Fig. 2(a) shows, for example, the
ordering of signal processing for the frame format of Fig. 1(a).
The state-space representation of the channel

(12)

(13)

is then used for the parameter estimation, where

(14)

is the observation vector with being the known symbol
at a certain pilot timing corresponding to the signal processing
index . is the process noise, is the unit matrix,
and is the index of the subcarrier on which the known
symbols are transmitted.

Because the unique word and pilot symbols are known,
’s are known. Hence, a standard RLS algorithm [8] can

be used for this state-space representation to obtain’s
estimate as

(15)

(16)

with and , where
with denoting the transposed complex

conjugate of a matrix, is some positive large number, and
is a constant given by

(17)

Note that the noise variance is usually unknown.
may be used that does not significantly affect the performance.
Note further that is usually unknown. With , the
forgetting factor ) is used to control the speed
of the algorithm convergence instead of, where .

2) Parameter Estimation for Information Symbols:When
the recursion of (15) and (16) reaches the last pilot symbol
in the frame, we have ’s estimates, ’s, for every
known symbol. ’s are then used to obtain estimates of the
parameter pair for the information symbols that are unknown
to the receiver. The proposed estimation scheme described
below is decision directed. As shown in Fig. 2(b), the symbol
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(a) (b)

(c)

Fig. 2. (a) Ordering of signal processing for known symbols. (b) Ordering of signal processing for unknown symbols. (c) Ordering of signal processing
for subcarrier-by-subcarrier estimation.

timing index is used for the ordering of signal processing.
Let us assume that during a time interval ,
the values of the parameter pair
vary as a function of . Interpolation [2], [3] or curve-
fitting schemes using the estimates of several known symbols
on both sides as indexed in time may be used to determine

. From , , where
is the control force that forcibly drives

the parameter vector. For example, if an orderpolynomial
of is used for as

then becomes

where with .
Hence, for the state-space representation of

the channel becomes

(18)

(19)

where

(20)

and

...
...

(21)

For this state-space representation with as a control force,
we have the following recursive algorithm:

(22)

(23)

with and .
Unlike the estimation process for known symbols, the

information symbols ’s are unknown when the recursion
reaches the index. Hence, decisions on the unknown symbols
on the subcarriers have to be made prior to the recursion of
(22) and (23). To do this, is estimated from as

(24)

The estimate of the fading complex envelope for theth
subcarrier, required for the coherent detection at symbol timing

, can then be obtained from (9). Decisions on ’s can
then be made. The process described above is repeated for
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other intervals ’s for the detection of other information
symbols between the known unique word and/or pilot symbols.

Note that if is relatively small, it may be reasonable
that for the parameter vector varies as a
linear function of as , where

and . In this case, the control
force . If and are the symbol
timings for the known symbols, a reasonable choice foris

(25)

for . If there is more than one known symbol
in one symbol timing, the estimate vector having the highest
index among them may be used.

B. Subcarrier-by-Subcarrier Estimation

Subcarrier-by-subcarrier estimation aims to estimate directly
the fading complex envelope itself. As shown in
Fig. 2(c), this process takes place for each subcarrierin-
dependentlyof other carriers. The estimates ’s of

’s for the information symbols can be obtained in
the same way as the estimates ’s of the parameter
vector ’s were obtained. The two-stage estimation process
described above can be applied to state-space representations
of ’s for the known and the information symbols. This
is fairly straightforward and hence will not be described in
detail.

IV. SIMULATION RESULTS

This section shows the results of computer simulations
conducted for the performance evaluations with the pro-
posed scheme. Four-PSAM/16QAM is used as a modulation
scheme for the simulations (there are four subcarriers having
a PSAM format). The symbol-error rate (SER) performances
with the proposed scheme are compared with the subcarrier-
by-subcarrier estimation and detection scheme. The frame
format described in Fig. 1(a) is used. The frame is 60 symbols
long , and the unique word is one symbol long

. Because there are four subcarriers, one frame
is comprised of 240 16QAM symbols. The pilot symbols
are transmitted every eight symbols per subcarrier, but their
positions are different among the subcarriers. At the re-
ceiver, the pilot symbols are received every four symbol
timings.

It is assumed that the rolloff factor of the Nyquist filter
. The channel separation between the subcarriers

normalized by the per-subcarrier symbol rateis 1.125 so
that with the interference components from the
adjacent subcarriers can be ignored. An equal-power two-path
propagation model was assumed. It was also assumed
that for all the subcarriers, .
was used as the control force, where was determined
using (25).

The behavior of the estimated fading complex envelopes
’s for the four subcarriers is demonstrated in Fig. 3(a)

for the delay spread and the maximum Doppler frequency

(a)

(b)

Fig. 3. (a) Behavior of estimated fading complex envelopes with four
subcarriers. (b) Behavior of actual fading complex envelopes with four
subcarriers.

, both normalized by symbol duration of, respectively,
0.02 and 0.01, and the per-carrier average received SNR of

. Fig. 3(b) shows the behavior of their corresponding
actual ’s. It is found that ’s track ’s
relatively well, however, they fluctuate around the trajectory
of ’s. This is mainly because the ISI components
from the adjacent symbols ignored in the proposed parameter
estimation scheme [see (7)] in fact perturb the algorithm
convergence.

Fig. 4 shows the SER performances with the proposed
scheme and the subcarrier-by-subcarrier detection scheme ver-
sus per-carrier average received SNRwith and
as parameters (both normalized by symbol duration). For
both cases of and , the proposed scheme
achieves better performance than the subcarrier-by-subcarrier
scheme. When , the theoretical average SER for the
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Fig. 4. SER performances versus per-subcarrier average SNR.

Fig. 5. SER performances versus normalized maximum Doppler frequency.

16QAM coherent detection can be calculated from [9]

Average SER erfc

erfc (26)

where is the probability density function pdf of the
receivedinstantaneousSNR . Under Rayleigh fading,

. The theoretical average SER is also plotted
in Fig. 4. It is found that with , the proposed scheme’s
average SER is roughly 3.0 dB worse than the theoretical
one.

Fig. 5 shows for the SER performances versus
with as a parameter. It is found that with , the
average SER of the proposed scheme is almost identical to that

Fig. 6. SER performances versus normalized delay spread.

of the subcarrier-by-subcarrier scheme when the normalized
maximum Doppler frequency is relatively small. This is
because in a small value range of , the performances are
dominated by the ISI components ignored in both the proposed
and subcarrier-by-subcarrier schemes. With , the
SER performances of both the proposed and subcarrier-by-
subcarrier schemes also plateau as becomes smaller, even
though there is no ISI. This is because the covariance matrix

or in the Kalman algorithm tends to be singular
when and . When becomes large,
the proposed scheme achieves better SER performance than
the subcarrier-by-subcarrier scheme for both and

. This clearly indicates how effective it is to use
the knowledge about the channel obtained by other subcarriers’
signal detection processes.
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Fig. 7. SER performances versus rolloff factor.

Fig. 6 shows the SER performances versus for
and . The SER performance with the proposed
scheme is worse than the performance with the subcarrier-
by-subcarrier scheme when . A system design
that allows does not take full advantage of
multiple subcarrier signaling. When , the proposed
scheme achieves smaller SER than the subcarrier-by-subcarrier
scheme.

In (7), the ISI components from the adjacent symbols, which
is due to the fading frequency selectivity, were ignored because

. In fact, the ISI places bit-error rate (BER) floors
in the performance curves. The ISI effects depend on the
rolloff factor . Fig. 7 shows the SER performance versus

for , with and . It
is found that better performance can be achieved by larger

values. The SER is less sensitive to thevalue with
the subcarrier-by-subcarrier scheme than with the proposed
scheme.

V. CONCLUSION

In this paper, we have proposed for multiple subcarrier
PSAM a new joint detection and channel estimation scheme
for mobile communication applications. The proposed scheme
makes effective use of , the benefit of which is
attributed to multiple subcarrier signaling. In multiple sub-
carrier signaling, because of , each subcarrier suffers
from frequency-flat fading, even though the composite signal
comprised of all the subcarrier signals suffers from frequency-
selective fading. The proposed scheme does not estimate the
fading complex envelope subcarrier-by-subcarrier in a straight-
forward manner, but estimates a parameter pair associated
with the generation process of the fading frequency selectivity.
Since this generation process is common to all the subcarriers,
locating the pilot symbols at different timings for some (or
each) of the subcarriers makes it possible to run the parameter
estimation algorithm more frequently for known symbols than
the single carrier’s case. In fact, this offset pilot location

has significantly contributed to the improvements in tracking
performance with parameter estimation.

Two types of Kalman algorithm were used for parame-
ter estimation. A standard RLS algorithm is first used to
obtain estimates of the parameter pair for known symbols
such as pilot symbols. A decision-directed Kalman algo-
rithm with a control force, determined from the results of
the RLS algorithm for the known symbols, is then used
to obtain estimates of the parameter pair for information
symbols.

The performance superiority with the proposed scheme over
the subcarrier-by-subcarrier scheme has been demonstrated
through computer simulations for 4-subcarrier PSAM/16QAM.
It has been shown that even with a relatively high user
mobility, which is expressed in terms of the normalized
maximum Doppler frequency , the proposed scheme
achieves better performance than the subcarrier-by-subcarrier
scheme if the normalized delay spread is smaller than
0.05. The performance sensitivity to the choice of the control
force is to be discussed in near opportunities.
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