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Multicarrier Signal Detection and Parameter
Estimation in Freqguency-Selective
Rayleigh Fading Channels

Toshiaki Kuroda,Member, IEEEand Tadashi Matsumot&enior Member, IEEE

Abstract—A new joint signal detection and channel parameter interpolation techniques for the fading estimation and apply
estimation scheme is proposed for multiple subcarrier signaling it to the multilevel quadrature amplitude modulation (QAM)
with pilot symbol-assisted modulation (PSAM) schemes. The gjqna)| transmission over Rayleigh fading channels. References

proposed scheme estimates a pair of parameters associated with . . . . .
the generation process of the fading frequency selectivity, which [1] and [4] combine the PSAM signal detection with decoding

is common to all the subcarriers. This parameter estimation can Of trellis codes. Recently, [5] analyzes the performance limit
effectively extract information regarding the fading frequency of the pilot-assisted coherent signal detection, where a Wiener
selectivity through the pilot symbols received not only by the filter is used to minimize the variance of the estimation error
subcarrier of interest, but by other ones as well. The fading within the class of linear filters

complex envelope with each subcarrier is derived from the . . . . . .
estimates of the parameter pair. With the proposed scheme, When PSAM is used in subcarrier signaling, unlike the

performances are evaluated through simulations and are com- case of single carrier, information about the fading complex
pared with performances of a subcarrier-by-subcarrier detection envelope can be more frequently extracted by locating the pilot

scheme. symbols at different timings fosomeof the subcarriers. Even
Index Terms—Channel estimation, digital cellular system, fre- then, the frequency of the pilot transmission remains constant
quency selectivity, multicarrier signal detection, pilot symbol- for each of the subcarriers. This suggests the use of pilot
: ) g p
assisted modulation (PSAM). symbols for more precise fading estimation than the single
carriers case, while keeping the overall spectrum efficiency
|. INTRODUCTION (:pgr—subcarrier_ info.rmati_on symbol ratg/) constaqt. With
_ . _ . . multiple subcarrier signaling, each of the subcarriers suffers
N MULTIPLE subcarrier signaling, the entire bandwidthy,n ‘3 imost frequency-flat fading becausg, < 1, wherer
is divided into severatonsecutivesubbands, in each of js ye channel delay spread. The fading complex envelopes
which the subcarrier frequency centered at the center gy the a7 subcarriers are different from each other, but
the subband is modulated by a relatively low-speed digitae|ate closely. Therefore, if fading estimation for coherent
signal. If the symbol rate of each subcarrierfisand there yetection takes place subcarrier-by-subcarrier, this scheme

are M subcarriers, the total symbol rate i f,. This total ;65 neither the frequent pilot symbol reception nor the
symbol rate may require an entire bandwidth larger than flding correlation among the subcarriers.
equivalent to the channel coherence bandwidth. However, eaclcrhe motivation of this work is to develop a new joint

sgbcarrlers’ bqndW|dth is small gnough to prgvent the recelvgﬁnm detection and channel parameter estimation scheme for
signal from pemg damaged l?y mtgrsymbol |nt'erfe.rence (I.S'[)ne coherent detection of multiple subcarrier PSAM signals.
Hence, multiple subcarrier signaling is effective in reducingy,, proposed schemdoes notestimate the fading complex
the effects of fading frequency selectivity encountered i, e|ope witheachsubcarrier in a straightforward manner, but
mobile communications channels. The need for channel equaltimates pair of parameters associated with the generation
IZETS, Wh'(_:h might be required for a single carrier S'gn"’“”"ﬁrocess of the fading frequency selectivity, which is common
scheme with the same (total) symbol raid f ), is eliminated. 1, the 17 subcarriers. The fading complex envelope vetich
Recently, pilot symbol-aSS|_sted modu!atlo_n (PSA_M) . haésubcarrier can be derived from the estimates of the parameter
been Pfopose‘?‘ [11-[4] for mobile comr_nunlcgtlon appl'f:at'or_lﬁair. Hence, this process makes effective use of the pilot
where the fading complex envelope is estimated using p'g}ﬁmbols received by different subcarriers (not necessarily the
symbols periodically embedded in the information symbof,e of interest). The proposed scheme is not an equalizer for
sequence to be transmitted. For coherent detection, the CQBY-.ancellation because if an equalizer is used in the multiple
plex conjugate of the fading envelope estimate is mump“eﬂjbcarrier system, the benefitsof< T will be missing.
by the received signal sample. References [2] and [3] USérpg hronosed scheme uses two types of Kalman algorithm

Manuscript received December 15, 1995; revised October 10, 1996. TF@ paramet_er eSt_'ma_tlon' A standard r_ecur5|_ve least-square
work was supported by the NEXTEL/NTT Project. (RLS) algorithm is first used to obtain estimates of the
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Kalman algorithm withf(n + 1) — f(n) as a control force modulating signalZ,,.;(¢) of the kth subcarrier is the output
is then used to obtain the estimates of the parameter pair feave form of the root Nyquist rolloff filter. The composite
information symbols. Interpolation or curve-fitting schemesignal Z,(¢) comprised of theldd modulated subcarriers can
may be used to determinf{n) from the estimates for the then be expressed as
known symbols. M

This paper is organ_lzed as follows. Sec_t|on Il shows the Zi(t) = Zka(t)ejwkt )
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 f{N€réwx = 2 fi. This complex composite signal is upcon-
derives algorithm for the estimation of the parameter pair f§frted and transmitted. _
pilot and information symbols. Section IV shows the results 2) Channel: It is assumed that the fading frequency se-
of computer simulations for the performance evaluations witRCtivity is due to anN-path propagation scenario [6]. The
the proposed scheme. Four-subcarrier pilot symbol-assisRyivalent baseband transfer functidift) of the N-path
16QAM (4-PSAM/16QAM) is used as a modulation schemBayleigh fading channel can be expressed as
for the simulations. The performance of the proposed scheme N
is compared with that of the coherent detection based on h(t) = ZZfl(t)é(t—n) 3)
subcarrier-by-subcarrier fading estimation. =1

k=1

where Z;(t) and =, are, respectively, the fading complex

Il. SYSTEM MODEL envelope and the delay with thi¢gh propagation path, and
The entire bandwidth is divided intd/ consecutivesub- &(-) is the delta function. Without loss of generality, = 0
bands having center frequencies of is assumed. Because of the multiple subcarrier signaling, the
channel delay spread = Max(7;) is assumed to be small
S =(k-1)Af (1) enough compared with the symbol duratin(=1/ ).

3) Receiver: Fig. 1(c) shows a block diagram of the re-

< < i i ) .
Wher_e lsks M _and Af s th_e channe_l separation eiver. For thekth subcarrier, the outpuf,;(¢) of the root
required to prevent adjacent subcarriers from interfering W'ﬁ]‘

the subband signals. It is assumed throughout this papeyrqlJISt receiver filter becomes

that with appropriate choices akf and a rolloff filter the N o
interference from the adjacent subcarriers can be ignofé: Zo(t) =D Zp() Zi(t — )TN + Zap(t)  (4)
kth subcarrier has a center frequency faf Each subcarrier =1

is modulated by a relatively low-speed digital signal. It igyherez, (¢) is the overall response of the Nyquist rolloff filter
assumed that a multilevel phase-amplitude modulation schegggne input symbol sequencg(n) given by

is used such as phase-shift keying (PSK) or QAM and that the
same modulation scheme is used for all fflesubcarriers. -
1) Transmitter: The kth subcarrier is modulated by the Zit) = Z sk(m)he(t —nT) ®)

symbol sequencesi(n) to be transmitted, wheren € T

(=00, +00) is the symbol timing indexsg(n) (= I + j@Q, With

wherel and @ are the in-phase and quadrature components, sin(wt/T) cos(ant/T)
respectively) takes one of the signal points defined as a he(t) = /T 1- (20t/T)2 6)

modulation alphabet. It is assumed that the subcarriers’ ) ) ] ]
symbol timings are synchronized with each other. The symtR#ing the overall impulse response of the filter andbeing
sequence is segmented into frames with lengtiVef(M N the_ rolloff factor, andZ,,;(¢) is the _addltlve white Gaussian
symbols in a frame in total). Fig. 1(a) shows an example §PiS€ component on theth subcarrier.

the frame format. The information symbol sequence is headed! Ne receiver does not use an equalizer for the ISI cancel-
by a unique word sequence with lengthgf (A4 N,, symbols lation. The receiver filter output is sampled at each symbol
in total). The pilot symbols are periodically embedded in théMing n1". Ignoring the ISI components in (5), because of
information symbol sequence. The pilot symbols are locatéd< 1’ the filter output sample can be approximated as

at different timings forsomeof the subcarriers (this is referred N

to as “offset pilot location” for convenience) so that receivers z,;(n) ~ si(n) Z zp(n)hy(=1)e ™+ 2 (n)  (7)

can extract information about the fading complex envelope =1

more frequently than for the single carrier's cases. wherez(n) = Zu(nT), z(n) = Zu(nT), and zy (n) =

Fig. 1(b) shows a block diagram of the transmitter in th . )
equivalent complex baseband domain. The symbol sequer%%‘(nT)' Itis found from (7) thatzpy,(n) defined by

si(n) is filtered by a rolloff filter for spectrum shaping. It is N o
assumed that the overall transfer function of the Nyquist rolloff zrk(n) = Z zpi(n)h,(—m)e Ik (8)
filter is shared equally by transmitter and receiver. Hence, the =1

1The class of the system discussed in this paper includes an orthogd-%lthe (f.requenc'y_ﬂat) fading complex envek)pe fte sub-
frequency-division multiplexing scheme [7]. carrier is suffering from. Note that;(n) and z,,(n) are
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Fig. 1. (a) Example of frame format for multiple subcarrier PSAM. (b) Block diagram of transmitter.

Nyquist
Filter

zero-mean complex Gaussian processes with variances of [ll. ALGORITHM

(Izp(n)?) = oFy, and (|znx(n)|?) = o2, respectively. If

the average signal powéfs, (n)|?) = 1, the average receivedA. Proposed Scheme

signal-to-noise power ratio (SNR), for the kth subcarrieris  Tnhe fact thatr < T is used again. Ignoring higher order

. N

defined asl'y, = >°,_, 0%,/0%;. terms ofr in (8), zrx(n) can be approximated as
Coherent detection requires an estimatg(n) of zpr(n). .

23..(n)/|2re(n)|? is multiplied by z.(n), where = de- zrr(n) & x1(n) + jwpz2(n) 9)

notes the complex conjugate, and a symbol closest \Xﬁ]ere
2k ()25 (n)/12rk(n)|? 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 estimatésy(n)'s of zp4(n)'s for and
each subcarrier using known symbols, such as the unique word N

and pilot symbols, as well as the previous decision results for z2(n) = =Y mzp(n)he(—70). (11)

the information symbols. For subcarrier-by-subcarrier detec- =2

tion, the fading estimation schemes for single carrier PSAlvhe parameter pair of,(n) andz2(n) is associated with the
[1]-[4] can be used. However, this does not take into accougéneration process of the fading frequency selectivity and is
the generation process of the fading frequency selectivitydependent ofk. If the estimatess; (n) and #(n) of the
expressed in (3), which is common to th¢ subcarriers, nor parameter pair can be obtained, the estimiate(n) of the
does it exploit the benefit of the offset pilot location. fading complex envelopeg;(n) for the kth subcarrier can

.771(71) = Zfl(TL) + Z Zﬂ(n)hr(—’n) (10)
=2
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Fig. 1. (Continued) (c) Block diagram of receiver.

also be obtained by using (9). Hence, the proposed schebee used for this state-space representation to obté&ilis
aims to estimate the vectot(n) = [x1(n) x2(n)]* instead estimatex(:) as
of zpr(n) itself.

The proposed scheme is comprised of two stages. A standagdi) = %(; — 1) + P(i — 1)c(i)¥ -
RLS algorithm is first used for the known symbols, and

[z (8) — c()%(i — 1)]
c()P(i — 1)e(i)H + A

a decision-directed Kalman algorithm is then used for the . . o (15)
information symbols. (i) = on Pli—1) P(i — De(@d)f (i) P(i — 1) (16)
1) Parameter Estimation for Known Symbol$he order- A c(t)P(i — Le(t)H + X

ing of signal processing for the known symbols is from small. . _ _ N rers
to large n (but not contiguous) corresponding to the piIo\N't,h ’f@ - 0 ?{nd P(O) - pI?’. where P(i) = ([x(i) —
symbol timings. Let the ordering for signal processing b’é(z)_][x(z)_x(z)] >W'th .H denoting t_h_e transposed complex
reindexed by contiguous Fig. 2(a) shows, for example, theco_njugate of a m"?““XP Is some positive large number, and
ordering of signal processing for the frame format of Fig. 1(a§‘. is a constant given by

The state-space representation of the channel ol 17)
x(i + 1) = x(4) + Lw(4) (12) 1+ oy
2k (i) = c(0)x(2) + 2 (2) (13) Note that the noise varianeé, is usually unknowne?, =1
s th 4 for th . fimati h may be used that does not significantly affect the performance.
is then used for the parameter estimation, where i : _
P Note further thats?, is usually unknown. Withs2, = 1, the

(14) forgetting factor\ = 1/(1 + o2) is used to control the speed

of the algorithm convergence insteadodf, where0 < A < 1.
is the observation vector witky (¢) being the known symbol 2) Parameter Estimation for Information Symbolg/hen
at a certain pilot timing corresponding to the signal processitige recursion of (15) and (16) reaches the last pilot symbol
index:. w(¢) is the process noiséy, is the L x L unit matrix, in the frame, we havex(i)'s estimatesk(i)’s, for every
and k is the index of the subcarrier on which the knowrknown symbolx(:)’s are then used to obtain estimates of the
symbols are transmitted. parameter pair for the information symbols that are unknown

Because the unique word and pilot symbols are knowtg the receiver. The proposed estimation scheme described

sr(4)'s are known. Hence, a standard RLS algorithm [8] capelow is decision directed. As shown in Fig. 2(b), the symbol

c(i) = [81(1)  — jwndr(d)]
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o I! Yivirly
n Yivivly
lvlv]y ﬂ
]
X(i42) Yvvy Ill D : Known Symbol
ap) | o D P KnownSymbol - ameter Estimates

Parameter Estimates (1) x(1) For Unknown Symbols x(n) x(n) x(m)
For Known Symbols

(@ (b)
Fading Estimates

Zgy(n)

i [t

Zpy(n)

Zpm(n)

talis

: Known Symbol

(©

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 indexn is used for the ordering of signal processingand

Let us assume that during a time intervad < n < no, si(n)  —jwisi(n)

the values of the parameter pat(n) = [z1(n) z2(n)]* sa(n)  —jwasa(n)

vary as a functiorf(n) of n. Interpolation [2], [3] or curve- C(n) = . . . (22)
fitting schemes using the estimates of several known symbols : ) :

on both sides as indexed in time may be used to determine sm(n)  —jwarsm(n)

£(n). Fromx(n) = f(@), x(n+1) = x(n) + g(”?y Whe_re For this state-space representation wjth ) as a control force,
g(n) = f(n+1)—£(n) is the control force that forcibly drives we have the following recursive algorithm:
the parameter vector. For example, if an ordepolynomial

of n is used forf(n) as x(n) =%(n— 1) +g(n - 1) + P(n - 1)C(n)"
([C()Pn — 1D)C)H + Ayt
f(n) = EP: a,n? : [grk(n) — C(m){x(n—1) +g(n - D} (22)
»=0 P(n) = %[P(n —1) = P(n - 1)C(n)H
g(n) then becomes x [C(n)P(n — 1)C(n) + My ]"*C(n)P(n — 1)]
P p—1 (23)
gn)=>_> a <§)”q with &(ny) = £(n) and P(n1) = ply.

p=1a=0 Unlike the estimation process for known symbols, the

information symbolss;(n)’s are unknown when the recursion
deaches the index. Hence, decisions on the unknown symbols
on theM subcarriers have to be made prior to the recursion of
(22) and (23). To do thisx(n) is estimated fronk(n — 1) as

x(n +1) = x(n) + g(n) + Lw(n) (18) %(n) = %(n — 1) + g(n — 1). (24)
z-(n) = C(n)x(n) + Irz,(n) (19)

wherea, = (a,1,a,2)" with 0 < p < P.
Hence, forn; < n < no the state-space representation
the channel becomes

The estimate of the fading complex envelope for ttté
where subcarrier, required for the coherent detection at symbol timing
n, can then be obtained from (9). Decisions gi{n)’s can
z.(n) = [z1(n) zwa(n) - za(n)] (20) then be made. The process described above is repeated for
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other intervalgny , n2)'s for the detection of other information Q-ch
symbols between the known unique word and/or pilot symbols. 1 "
Note that ifns —n4 is relatively small, it may be reasonable
that for n € (n1,n2) the parameter vectat(n) varies as a
linear function ofn asx(n) = f(n) = a;n + ag, where
a; = (a11,a12)" andag = (ap1, ape)'. In this case, the control
forceg(n) = f(n+1)—f(n) = a;. If n; andn, are the symbol 0 l-ch
timings for the known symbols, a reasonable choiceafois
! 2 "’nﬂ‘.BJE Rayleigh Fading
for ny < n < no. If there is more than one known symbol & F ’;?'um fpT = 0.01
in one symbol timing, the estimate vector having the highest * o E/T*;B’OZ
index ¢« among them may be used. a=05
2 . z N
B. Subcarrier-by-Subcarrier Estimation R 00 03 1o
Subcarrier-by-subcarri timati ims to estimate directl @
y-subcarrier estimation aims to estimate directly
the fading complex enveloper;(n) itself. As shown in Q-ch
Fig. 2(c), this process takes place for each subcairier 1 "
dependentlyof other carriers. The estimate&(n)'s of
zrr(n)'s for the information symbols can be obtained in
the same way as the estimat&$n)’'s of the parameter
vectorx(n)'s were obtained. The two-stage estimation process
described above can be applied to state-space representations Fch
of zpp(n)'s for the known and the information symbols. This
is fairly straightforward and hence will not be described in gg 3
detail. S BST
PR |\ —
88 \‘ '-,- Rayleigh Fading
IV. SIMULATION RESULTS ° -.’. ‘- frDT :_?'2,1
This section shows the results of computer simulations L - 1r\I/TIS=IO.02
o

conducted for the performance evaluations with the pro- ;
posed scheme. Four-PSAM/16QAM is used as a modulation 20 00 o5 1o
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 subcarrigs: 3. (a) Behavior of estimated fading complex envelopes with four
by-subcarrier estimation and detection scheme. The fragdcarriers. (b) Behavior of actual fading complex envelopes with four
format described in Fig. 1(a) is used. The frame is 60 symbdtgcarers:

long (N; = 60), and the unique word is one symbol long

(N = 1). Because there are four subcarriers, one frame 1 hoth normalized by symbol duratidhi of, respectively,

IS comprIS(_ad of 240 1_6QAM symbols. The pllc_)t Symbo'%)_.OZ and 0.01, and the per-carrier average received SNR of
are transmitted every eight symbols per subcarrier, but th?‘lr_> . Fig. 3(b) shows the behavior of their corresponding

ositions are different among the subcarriers. At the re- .
P 9 tual zpp(n)'s. It is found that2pi(n)'s track zpx(n)'s

ceiver, the pilot symbols are received every four :symbt‘fi‘lC ) J
timings. relatively well, however, they fluctuate around the trajectory

It is assumed that the rolloff factor of the Nyquist filler=  Of zrx(n)’s. This is mainly because the ISI components
0.5. The channel separation between the subcardefgf, from the adjacent symbols ignored in the proposed parameter
normalized by the per-subcarrier symbol rgieis 1.125 so estimation scheme [see (7)] in fact perturb the algorithm
that with « = 0.5 the interference components from theonvergence.
adjacent.subcarriers can be ignored. An equal-power two—path;ig_ 4 shows the SER performances with the proposed
fr:of?gat'ﬂntwoﬁfw ; 2) was assgmred;flt Wa_s also assumegcheme and the subcarrier-by-subcarrier detection scheme ver-

at for all the M subcarriersl'y = I'. f(n) = ain + a0 o per-carrier average received SNRwith fpT and /T

was used as the control force, whesig was determined .
as parameters (both normalized by symbol durafign For

using (25).
The behavior of the estimated fading complex envelop§th cases of /T = 0 and /T = 0.02, the proposed scheme

2ri(n)’s for the four subcarriers is demonstrated in Fig. 3(é@chieves better performance than the subcarrier-by-subcarrier
for the delay spread/T" and the maximum Doppler frequencyscheme. When/T = 0, the theoretical average SER for the
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Fig. 4. SER performances versus per-subcarrier average SNR.
100 100
1077 1071 n

Subcarrier-by-subcarrier
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10" ek - 10°3 . -
/c/ Rayleigh Fading ™ Rayleigh Fading
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!
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Fig. 5. SER performances versus normalized maximum Doppler frequenEjg. 6. SER performances versus normalized delay spread.

16QAM coherent detection can be calculated from [9] of the subcarrier-by-subcarrier scheme when the normalized
o 3 maximum Doppler frequencyp7 is relatively small. This is
Average SER= / §erfc< %) because in a small value range 1", the performances are
0

dominated by the ISI components ignored in both the proposed
. [1 - §erfc< l)} p(y)dy (26) and subcarrier-by-subcarrier schemes. Withil’ = 0, the

8 10 SER performances of both the proposed and subcarrier-by-
where p(v) is the probability density function pdf of thesubcarrierschemes also p!atgatfgf becomes smgller, even
receivednstantaneou$SNR~. Under Rayleigh fadingy(~) = though there is no ISI. This is because the covariance matrix
(1/T) exp(—~/I). The theoretical average SER is also plotte§’(¢) or P(n) in the Kalman algorithm tends to be singular
in Fig. 4. Itis found that with- /7" = 0, the proposed scheme’swhen fpT" — 0 and ' — co. When fpT" becomes large,
average SER is roughly 3.0 dB worse than the theoretidde proposed scheme achieves better SER performance than
one. the subcarrier-by-subcarrier scheme for betfil” = 0 and

Fig. 5 shows fol’ — oo the SER performances versfisT 7/ = 0.02. This clearly indicates how effective it is to use

with 7/7 as a parameter. It is found that withT = 0.02, the the knowledge about the channel obtained by other subcarriers’
average SER of the proposed scheme is almost identical to thighal detection processes.
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100 — . ] 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
1071} ; ) k

‘ obtain estimates of the parameter pair for known symbols
[ such as pilot symbols. A decision-directed Kalman algo-

é I ] Subcartier-by-subcarrier rithm with a cc_)ntrol force, determined from the results of
o 1072} I e N the RLS algorithm for the known symbols, is then used
g s SN to obtain estimates of the parameter pair for information
g O symbols
< [ O Y ) o
: : Proposed | O The performance superiority with the proposed scheme over
10 -3 Lo Rayleigh Fading X )
; 720,02 E the subcarrier-by-subcarrier scheme has been demonstrated
I > through computer simulations for 4-subcarrier PSAM/16QAM.
. t/T=002 It has been shown that even with a relatively high user
1074 : I mobility, which is expressed in terms of the normalized
0.0 0.2 0.4 0.6 0.8 1.0

maximum Doppler frequencyfpT, the proposed scheme
achieves better performance than the subcarrier-by-subcarrier
scheme if the normalized delay spreadl’ is smaller than

Fig. 7. SER performances versus rolloff factor. 0.05. The performance sensitivity to the choice of the control
force is to be discussed in near opportunities.

Roll-off Factor «

Fig. 6 shows the SER performances versy for ' — oo REFERENCES
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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 « 7T, the benefit of which is
attributed to multiple subcarrier signaling. In multiple sub
carrier signaling, because of < 7', each subcarrier suffers
from frequency-flat fading, even though the composite sign
comprised of all the subcarrier signals suffers from frequenc
selective fading. The proposed scheme does not estimate
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each) of the subcarriers makes it possible to run the paraméeg@communications. Presently, he is an Associate Manager at the Engineering
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