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Bandwidth-Efficient Pilot-Symbol-Aided Technique
for Multipath-Fading Channels

Man-Hung Ng and Sing-Wai Cheung

Abstract—Pilot-symbol-aided (PSA) transmission is one of More importantly, especially when the pilot symbol rate is slow,
the effective methods to combat multipath fading in digital the latency due to pilot symbol buffering is greatly lengthened
mobile communications systems. In the PSA systems, redundant gjng high-order interpolating functions, and this is undesirable
bandwidth and power are required to transmit the pilot symbols. for voice services in mobile communications. If the fadin
In this paper, we propose a novel fading estimation technique . - g
that requires a very low bandwidth redundancy in the PSA effects are to be estimated more accurately using low-order
systems. The proposed technique uses simple linear interpolation interpolating functions, the pilot symbols need to be sent more
on the pilot symbols and the detected data symbols to obtain the frequently, and this increases the bandwidth redundancy of the
estimates of the channel fading effects. Monte Carlo computer gytem since more bandwidth is used to transmit the pilot sym-
s[mulatlon has peen carried out to study the effects of the tech- bols [4], [10]. Different estimation techniques that make use of
nique on the bit error rate performance of 16-ary quadrature ' : - a
amplitude modulation in the flat and the frequency-selective the data symbols as well as the pilot symbols have also been
Rayleigh-fading channels corrupted with cochannel interference proposed [11]-[13]. Compared to the conventional techniques,
and additive white Gaussian noise. Results have shown that the these data-aided techniques provide better performances in fast
proposed technique can, at the expense of a little power efficiency, ¢ qing environments. However, these techniques require the
significantly improve the bandwidth efficiency of the PSA systems . . . .
using receivers with low complexity and latency. use of h|gh-order_smooth|ng f||ters tq reduce the noise effects

. - . L on the fading estimates obtained using the data symbols, and

Index Terms—Bandwidth efficiency, fading estimation, .
pilot-symbol-aided (PSA) transmission, Rayleigh fading, 16 QAM. thus add computational load and delay to the systems.

In a PSA system, redundant bandwidth and power are re-
quired to transmit the pilot symbols. Based on the sampling
theory, a fading process with a maximum Doppler spreagof

ULTIPATH-fading distortion is a major problem in could be sampled without distortion using the Nyquist rate of

digital mobile communications systems because 2/ fp [4], [6]. This means that if 1T is the pilot symbol rate,
severely degrades the error rate performances and very oftieen /7 = 0.5 would be sufficient to obtain accurate fading
causes error floors to the systems. Pilot-symbol-aided (PSégtimates. However, using the second-order Gaussian interpo-
transmission has been found to be an effective method lating function in the Rayleigh-fading channels with the nor-
combat multipath fading for digital modulation in the mobilenalized fading rates ofp7 = 5 x 1072 andfpT = 2 x 1072,
environments [1]-[8]. In a PSA system, pilot symbols fromvhere? is the channel symbol period, researchers have sug-
a known pseudorandom-symbol sequence are multiplexgested the frame lengths of 16 [4] and 8 [10], respectively, re-
with data symbols for transmission. The receiver has a prisulting in fp 7% = 0.08 and fpTx = 0.16, both of which are
knowledge of the pilot symbol sequence and so can extractbstantially smaller thafy, 7+ = 0.5. Note that the bandwidth
the pilot symbols from the received signal and subsequentBdundancies of the PSA systems with these frame lengths are
estimate and compensate for the fading effects on the détd5% and 12.5%, respectively.

symbols. The_ fading estimates on the data symbqls are obtaineg this paper, we propose a novel PSA technique that requires
by interpolating the fading estimates on the pilot symbolg yery jow bandwidth redundancy to transmit the pilot symbols.
Conventional PSA fading estimation techniques make use-fle proposed technique uses simple linear interpolation to ob-
only the pilot symbols but ignore the data symbols [1]-[4}qin the fading estimates from the pilot symbols as well as the
These estimation techniques require the use of high-ordgiected data symbols. As the data symbols are also used to pro-
interpolating functions, where numerous pilot symbols have {ge samples of the channel fading process, the pilot symbol
be buffered and then interpolated to give the fading estimatgge is no longer constrained by the Nyquist rate and thus the
on the data symbols. Otherwise, when the fading rate is f@gindwidth redundancy of the PSA system can be greatly re-
compared to the pilot symbol rate, the fading estimates becogged. Since linear interpolation is used, the complexity and la-
less accurate and high error floors are incurred to the Systef@cy of the receiver can also be greatly reduced. A series of
(2], [4], [8], [9]. However, the use of high-order interpolatingcomputer simulation has been carried out to assess the effects
functions greatly increases the complexity of the receiverst the proposed technique on the bit error rate (BER) perfor-
mance of 16-ary quadrature amplitude modulation (16 QAM)
Manuscript received July 11, 1998; revised July 25, 2000. in the flat and the frequency-selective Rayleigh-fading environ-
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a little power efficiency, significantly reduce the bandwidth re¥fo minimize the error in fading estimation due to additive noise
dundancy required for using low-order interpolating functionis the pilot symbols, these pilot symbols are chosen from those
to obtain accurate fading estimates. It has also been shown tresttors with the highest energy level in the signal constellation
the proposed technique can significantly lower the error floof4]. Attime ¢ = nT’, the data or pilot symbaj,, is used to form
of the PSA system caused by using low-order interpolating furen impulsey,,6(t — nT’), which is fed to the transmitting filter
tions. with an impulse responsgt) to produce the signal at the filter
The remainder of this paper is organized into four parts. Semutput
tion Il shows how the system and fading process are modeled.
Section lll describes the proposed technique and the mathemat-
ical basis behind it. Simulation results together with discussions
are given in Section IV. Finally, Section V presents the conclu- Each of the transmission paths in Fig. 1 introduces Rayleigh-
sions. fading distortion to the corresponding input signal and is mod-
eled as shown in Fig. 3, where the input signal is multiplied by
the complex-valued waveform

b(t) =0 (t) + jb"(t) )

t(l)'give the corresponding Rayleigh faded signal. The waveforms
'(¢) and ¥’(t) are two statistically independent zero-mean

aussian processes, each with the power spectral density of
[14]

s(t) = Z gna(t —nT). 1)

Il. SYSTEM MODEL

The baseband equivalent block diagram of the land mobile
communications system used in the study is shown in Fig.
At the transmitter, the data symbdls;. ; } are possible vectors
on the rectangular 16 QAM signal constellation. A pilot symb
from a known pseudorandom-symbol sequefg + is mul-

tiplexed with every L — 1)-data symbols to form afi-symbol
2

frame with a frame duration &fr, as shown in Fig. 2. A pseudo- o 1</
random sequence of pilot symbols is used to avoid transmitting |B(f)|2 =< r /—J% _ f2’ =JD (3)
tones at the multiples of the pilot symbol frequend{T't [1]. 0, If| > fp
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Fig. 3. Rayleigh-fading model.
where in the absence of the delayed path, CCI, and AWGN, the fading
|B(f)] amplitude of the frequency responBé¢f); effecty,, on the pilot symbol, is computed as
o? common variance df (¢) andb” (¢);
fp maximum Doppler spread of the faded signal Yn = Tn/dn- )

caused by the mobile motion and given by jqvever, in the presence of the delayed path, CCI, and
AWGN, only an estimate of,, can be obtained as
fo=v/A 4)

with v the velocity of the mobile and the o _ ) )
wavelength of the signal carrier. which is used to estimate the fading effects on the received data

symbols. The proposed estimation technique is described in the

Th binati f th in-path si d the de- : .
e combination of the main-path signglt) and the de following section.

layed signak(t — 7), wherer is the delay between the two sig-
nals, accounts for the frequency-selective fading of the channel
[6]. The cochannel signal(t) in Fig. 1 is assumed to have

the same structure as the main-path sigiial and to be both A. Basic Analysis

frgme-alig_ned and symbol-aligned \_Niift)_. Stationary AWGN For simplicity, it is assumed that frame synchronization has
with one-sided power spectral density'f is added atthe input peen achieved. The frame structure of the transmitted symbol

of the receiver. Thus the signal at the receiver input consistsggquence is shown in Fig. 2. The received symbol atithe
the main-path signal, the delayed signal, CCI, and AWGN. T%sition of thekth frame can be written as

received signal is filtered by a detection filter, which is taken to

[ll. FADING ESTIMATION

have the same impulse responge) as the transmitting filter at Thi = QkilYk,i + Wi 9)
the transmitter, so that the signal at the filter output is given by
where
r(t) = [s(®)y(t) + st — 7)) + c®)v(t)] © alt) + g(t) Qs i [13|I0t S);mecl)l. fori = 0 and a data symbol foi =

©) yr,; fading effect in the main path;

wy,; additive distortion effect due to the delayed path, CCl,
and AWGN.

The fading effectg, o andyx11 0 on the pilot symbolg; o

y(t), z(¢t) andv(t) statistically independent fading distor- . .
tions introduced into the main_path:;\tciilf]gég ;r; the kth and(k + 1)th frames, respectively, are

signal, the delayed signal, and the
glct)—chgnngl signal, frespectively; Urk,0 = T1,0/Pk,0 = Yk,0 + Wk,0/Pk,0 (10a)
t itered noise waveform. .

Thge(b)aseband signa{t) is sampled in synchronism at the time Uk ,0 = Tk Lo/ Phot 1.0 = Uiks0 + Wit 1.0/Pheion
instants{nT}. Assume that the fading rate is slow compared (10b)
to the symbol ratg, and so the intersymbol interference (ISI) By using linear interpolationg o and g1 0 can be used
caused by the fading process can be neglected [2]. Also assyf@gtimate the fading effects on the data symbols inktie
a(t) ® a(t) = 1 attimet = 0, so the sample of the filter outputfame For example, the fading effects on the first and the last

where
® convolution process;

attimet = n1is given by data symbols of théth frame can be estimated, respectively, as
Tn = GnYn + Wn (6) k1 = [(L — D)o+ Jk+1,0]/L (11a)
Uk,L—1 = [Ik,0 + (L — 1)ir41,0]/L. (11b)

wherey,, represents the fading effect introduced into the symbol

¢ by the main-path and,, represents the combined additive The instantaneous channel signal-to-noise ratio (SNR) of a
distortion effect caused by the delayed path, CCI, and AWGNata symbol within a frame can be writtenag;|? £, /No [15],
Since the transmitted pilot symbols are known at the receivarhere F;, is the average transmitted energy per information
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bit. The estimated instantaneous channel SNR can thereforetmn the valugj, » is selected to be computed by using linear
written as interpolation ory 1 andgx+10; otherwise, the valugy 1 is
selected instead. It should be noted that sincehas a stronger
Yioi = x| Ev/No. (12)  time correlation tham; o has with bothy;, » andy;, 1, and the
interpolating length is reduced fromto ( L—1), the fading esti-

Both (11a) and (11b) can be used for fading eStimatithation error due to linear interpolation by using the estimate of

depending on whethgr the first data symbol or the last daytgl’ instead ofy, o, should be smaller, leading to a more accu-
symbol of the frame is selected. However, we propose to ’

. ) high ) di USfte estimate Ofy 2 Oryy,r—1. The selection process here again
the equation that can give a higher estimate Instantaneqys, e that the data symbol to be operated will have a higher

channel SNR. It_can be seen t_hat the_ numAerators Of both ué@‘)imated instantaneous channel SNR. This whole process con-
and (11b) consist of Fh? fading estimatggo and Ji+1,0.  inyes until all the data symbols within the frame have been op-
with one of them multiplied by the same factor @@ — 1). erated.

Cleflrly, the equation with the larger fading estimajg,o To summarize, the proposed technique is processing the re-
Or §+1,0, Multiplied by the_factor of L_l).’ should have_a ceived symbols from the outside edges of the pilot frame toward
Iarger numerator, s producing a Iarg_er estimate of the_ adjac middle, with the order determined by the symbols with the
fading effect g1 or gx,—1, and resulting in a larger est'matecjnighest estimated instantaneous channel SNR. The fading ef-

instantaneous chqnnel SNR of the adjacent data sympgl, fects are estimated by using the pilot symbols and the detected
Or "y, L1, respectively, as can be seen from (12). Thereforg, ., oumnols. The whole process is repeated until all the data
selecting the equation with the larger fading estimate mult|pl|93§ bols within the received signal have been detected.
by (L—1) results in a higher estimated instantaneous chann [n

SNR of the adjacent data symbel, ; or v r.—1, and so leads IV. RESULTS AND DISCUSSIONS
to more accurate fading estimation and data detection. '

A. Basic Assumptions

Monte Carlo computer simulation tests have been carried out
From the above analysis, we propose a fading estimatitm study the BER performance of the PSA-16 QAM system
technique that operates on the data symbols from the outsg@wn in Fig. 1 using the proposed technique. In all tests, the

edges of the frame toward the middle, with the order determingdnsfer function of the transmitting and the detection filters
by the estimated instantaneous channel SNR of the symbatscascade has a raised cosine rolloff of 0.5. The normalized
The proposed technique starts with the fading estimatesfafling rates offp,7 = 2 x 1072 and fp7T = 5 x 1072 in

.0 andgr4+1,0 using (10a) and (10b), respectively, and thethe flat and the frequency-selective fading environments, with
computes the magnitudes @f. o| and|jx+1,0|.- Depending on and without CCI and AWGN, have been tested. For the pur-
whether|gx o| Or |7x+1,0| IS larger, (11a) or (11b), respectively,pose of comparison, the results using second-order Gaussian
is used for initial estimation of the fading effegt ; oryx .—1. interpolation on the pilot symbols solely for fading estimation
Thatis, if|Jx ol is larger thanjx+ 1,0/, the valuejs ; is selected are also presented. Second-order Gaussian interpolation is used
to be computed using (11a); otherwise, the valwe.—: is here for comparison because it is a well-adopted low-order in-
selected to be computed using (11b) instead. The resulttefpolating function in related works on the PSA systems [4],
this selection determines the next data symbol to be operatgd)]. Using second-order Gaussian interpolation, the fading es-
As described previously, selecting the larger fading estimatmatey; ; on the data symbal,, ; is obtained by interpolating
results in a higher estimated instantaneous channel SNR of the fading estimate$y._1 o, 9x,0 andx+1 0, on the pilot sym-
adjacent symbol. Thus this process ensures that the data syntlods, p._1 o, pr,0 @ndpr+1 0, as follows [4]:

to be operated will have a higher estimated instantaneous

B. Proposed Technique

channel SNR. Without loss of generality, we assume here that Oryi = C1(i/L)Gx—1,0 + Co(i/L)ix,0
|9k o is larger thanjx4+1,0| and sog 1 is computed. + C1(i/L)ijks1.0 (15a)
The estimatgj; ; is then used to compensate for the fading . N2
] _1(¢/L) = [(i/L)* —i/L]/2 1
effect on the received data symbal; by Coa(i/L) = [G/L) ;/ I/ (15b)
Co(i/L)=1—(i/L) (15¢c)
Tr1 = Th,1 /U1 (13) Cy(i/L) = [(i/L)* +i/L]/2. (15d)

The compensated data symipl, is threshold detected to give |, the study, the SNR is defined as
the detected data symbd), ; that is a possible vector on the
16 QAM signal constellation. The detected data symi@gl is
used to reestimate the fading effegt; as

E;x(L-1)+E,
M x (L-1)x N,

SNR= E,/N, = (16)
Ty = 7’k,1/czk,1. (14) whereE,; andE, are the average transmitted energies per data
symbol and pilot symbol, respectively, aidd is the number
The process is repeated, but now witt)o replaced by the of information bits per data symbol. The signal-to-interference
estimated fading effect in the adjacent data synghgl, and for power ratio (SIR) is defined as
computing the estimate gf, » oryx .1, depending on whether
|9%.1] OF |Jx-+1.0| iS larger. Thatis, ifjx 1| is larger thang 1 o|, SNR= 02/ 07 (17)
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1.00E+00

wheres? anda? are the variances of the Gaussian random vau
ables used to generate the fading processes in the main g ; -~
and the cochannel, respectively, of Fig. 1, leading to the cori
sponding channel gains 262 and202. In the tests, the channel
gain in the main path has been normalized to unity, &:é.= 1.00E-01 o
0.5, and hence B

L

SIR=0.5 /o2 (18) N D N e e i

NN
The main-path to delayed-path power ratio (SDR) is defined ﬁ 1.00E-02 > \i‘?\

SDR= 02/ 03 =0.5 /o (19)

wherec? is the common variance of the Gaussian random va AN \\\\
ables used to generate the delayed-path fading process. The 1.00E-03 B

malized delay between the received signals from the main p: =S
and the delayed path is defineda¥l’, wherer is the delay be- NN
tween the two paths arifl is the channel symbol period. AN \;r

1.00E-04
B. BER Performance Versus SNR 10 15 20 25 30

The simulation results on the BER performance of th SNR, dB
PSA-16 QAM system using the proposed technique ai 5. Gaissian, (=5 ..o ..Gaussian,L=10 -.A..Gaussian,L=15 |
Gaussian interpolation in the flat fading environments ar, —s—Proposed.L=5  —~—Proposed,L=10 —e—Proposed,L =15
in the absence of CCI (i.e., SDR oo and SIR= o), and _—=='%a
with different frame lengthd., are shown in Fig. 4. The ideal @)
performance of coherent 16 QAM in the Rayleigh-fadinn
channel is also shown for reference. With a normalized fadil
rate of fpT = 2 x 1072, Fig. 4(a) shows that the system using
Gaussian interpolation witlh, = 10 and 15 has high error b
floors and cannot achieve the practical BER of 10which is ‘\:AA -------- ) ST J PP Aeeeennns 4
the minimum BER required for voice services of the Univers: 1.00E-01 3 ~
Mobile Telecommunication System [16]. However, the syste o ANAN =
using the proposed technique has no error floor under
conditions tested. Comparing the results at the BER 0f10 $-.
using the proposed technique with = 10 and 15 requires & 1.00E-02 h SN \\k ------- L IETEIVIP? SO
2 and 4.5 dB, respectively, more power than that requir " -
for using Gaussian interpolation with = 5. However, it — =) NN
should be noticed that witlh. = 10 and 15, the bandwidth Sao T
redundancies of the system are 10% and 6.67%, respectiv 1 00E-03 N . \\\\
which are only one-half and one-third of the 20% redundan: —
required for. = 5. Comparing the results with = 5, the R
performance of the proposed technique is about 1 dB wot ~ m.\\\\
than that of Gaussian interpolation at low SNRs; but as tl SN
SNR increases, the performance of the proposed technic 1.00E-04
becomes approaching that of Gaussian interpolation, a
eventually becomes better than that of Gaussian interpolat
at SNR > 38 dB. With a slower normalized fading rate of | --8--Gaussian.L=10 ..o .-Caussian, L =50 ..a.-Gaussian, L =100
foT = 5 x 10~2, Fig. 4(b) shows that even with the Nyquis! | % et~ 1 Froposed. =50 —e—Proposed, L =100
value of fpTr = 0.5 (L = 100), the system using the
proposed technique has no error floor under the SNRs tested. (b)
Compared to that of using Gaussian interpolation vlith 10, Fig. 4. BER performance versus SNR, with StRoo dB and SDR= oo dB,
using the proposed technique with= 100 requires 5 dB more in flat fading channels with (a7 = 2 x 10~* and (b)fpT = 5 x 1077
power to achieve the BER of 18. However, the bandwidth
redundancy of the system with = 100 is only 1%, which is a interpolation on the pilot symbols is degraded by the weakened
decade lower than the 10% redundancy required.fer 10. time correlation between the fading effects on the data symbols

It can be seen in Fig. 4 that the proposed technique perforarsd those on the pilot symbols that are used to estimate
significantly better than Gaussian interpolation with longghem. The longer the frame length or the faster the fading
frame lengths and faster fading rates. This is because thate, the weaker the time correlation and so the less accurate
accuracy of the fading estimates obtained using Gaussthe resultant fading estimates. Since the proposed technique

1.00E+00

10 15 20 25 30 35 40
SNR, dB
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Fig. 5. BER performance versus frame lendthwith SIR = oo dB and Fig. 8. BER performance versus SIR, with SkRoo dB and SDR= oo dB,

SDR = oo dB, in flat fading channel withf T = 2 x 10-2 for SNR= 20 N flat fading channel withfp T" = 2 x 1072,
and40 dB.

and still achieve comparable performance as Gaussian interpo-

employs the detected data symbols as well as the pilot symblaison, and thus can greatly improve the bandwidth efficiency
for fading estimation, a stronger time correlation is maintaineaf the system. Comparing the results for the SNR of 40 dB at
between the fading effects being estimated and those u¢ee BER of 1073, the proposed technique can be used with a
to estimate them. Therefore, the resultant fading estimafeame length ofL = 17, while Gaussian interpolation requires
become more accurate and the system performance canaligame length o, = 7, and thus the bandwidth redundancy
significantly improved. On the other hand, Fig. 4 shows thatn be greatly reduced from 14.3% to 5.9%.
the proposed technique is inferior to Gaussian interpolation at
low SNRs. This is because, like other data-aided techniques, BER Performance Versus SIR
Do e o eraea b o demonsiate the system peromance when CC) i
SNRs. Moreover, since the average transmitted energy per 3“16 dominant interference as in cellular systems, the BER

L ' ; .2 §e@formance of the PSA-16 QAM system in the flat fading
symbol is less than that per pilot symbol, the estimation err

r. . )

" . . hfpT =2 x 1072 f AWGN
due to additive noise on the data symbols is larger than te‘,ﬂwronment with/p x 107% and in absence o G
of the pilot symbols; therefore, the fading estimates obtain

|de SDR= oo and SNR= ~c) are shown in Fig. 6. Similar
using the data symbols are relatively less accurate and

ﬁlgults are obtained compared with those of BER versus SNR,
system performance is degraded. Researchers have sugges n in Fig. 4. Comparing the results in Fig. 6 at the BER

0
using smoothing filters to reduce the noise effects on the fadiBg?'\g_g indicates that the proposed technique can reduce the
ndwidth redundancy of the system from 2Q% = 5) to

estimates obta?ned using the data symbols [11]-[13], but_ “1'60(0@ _ 10) and 6.67%L — 15) at the expense of 2 and 4.5
adds computational load and delay to the system and so is HB respectively, loss of power efficiency. It can also be seen in

employed in this study. . . .

To illustrate the effectiveness of the proposed technique Eé]gde? g;la é;: dﬁircr)(r)]rsftlggtrec()jccurs using the proposed technique
improving the bandwidth efficiency of the system, Fig. 5 shows '
the BER performance as a function of the frame lenbthn
the flat fading environment withfp7 = 2 x 1072 for the D. BER Performance Versus SDR
SNRs of 20 and 40 dB. It can be seen that as the frame lengtlrinally, the BER performance of the system in the frequency-
is increased, the performance of Gaussian interpolation dragadective fading environments wifih 7 = 2 x 10~2 and in the
off very rapidly, while the performance of the proposed tectabsence of CCl and AWGN (i.e., SIR oo and SNR= o),
nique has a gradual degradation even when the frame lengthvith the normalized delay of /T = 0.5 andr /T = 0.25, are
increased beyond the Nyquist limif. = 25). Therefore, the shown in Fig. 7(a) and (b), respectively. It can be seen in both

proposed technique can be used with much longer frame len§ig. 7(a) and (b) that the proposed technique can significantly
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lower the error floors of the system and greatly reduce the bandt4!
width redundancy from 20% to 6.67-10% with 3—6 dB loss of;

power efficiency.
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V. CONCLUSION

A bandwidth-efficient fading estimation technique for use
in the PSA systems has been proposed and studied by Monte
Carlo computer simulation. The proposed technique employs
both data and pilot symbols in the estimation process. Since the
data symbols are also employed in the estimation process, the
pilot symbol rate is no longer constrained by the Nyquist rate
and so the bandwidth redundancy of the system can be signifi-
cantly reduced. Moreover, simple linear interpolation is used to
obtain the fading estimates and thus the complexity and latency
of the system can be greatly reduced. Results of computer sim-
ulation have shown that in both the flat and the frequency-se-
lective Rayleigh-fading environments, the proposed technique
can significantly improve the bandwidth efficiency of the PSA
system at the expense of a little loss of power efficiency. In the
fading environment withfp7 = 2 x 10~2, the bandwidth re-
dundancy of the system can be reduced from 20% to as low as
6.67% with 4.5 dB loss of power efficiency. It has also been
shown that the proposed technique can substantially lower the
error floors caused by the use of low-order interpolating func-
tions in the estimation process.
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