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ABSTRACT

The paper proposes a novel pilot-symbol-aided (PSA) technique for fading
compensation of digital signals in the mobile environments. In a PSA system, the data
sequence at the transmitter is divided into frames of data. A pilot symbol from a known
pseudoradom-symbol sequence is inserted periodically into a frame of data symbol for
transmission. In a conventional PSA-receiver, these pilot symbols are extracted from the
received signal and used to estimate the effects of signal distortion introduced in the fading
channel. The resultant estimates are then used to correct the distortion effects in the received
data frames. In the paper, a novel estimation technique that uses the data symbols as well as
the pilot symbols is proposed. The technique has the major advantages of simple
implementation and short storage-delay time. Results are presented in a series of computer-
simulation tests. These assess the effectiveness of the estimation technique on the BER
performances of a 16-ary phase-shift keyed (16PSK) and a 16-ary quadrature-amplitude
modulated (16QAM) signals in the frequency-selective and frequency-nonselective Rayleigh
fading channels. The channels are corrupted by co-channel interference or additive white
Gaussian noise. Results of differential-detected 16PSK and star-16QAM signals are also
presented for comparison. It has been shown that, the use of PSA technique can significantly
improve the bit-error-rate performances of the systems, relative to those using differential
detection.



H. K. Lau and S. W. Cheung: Pilot-Symbol-Aided 16PSK and 16QAM for Digital Land Mobile Radio Systems

l. INTRODUCTION

In the design of digital modems for mobile radio communications systems, the signal
distortion introduced in the fading channels imposes the restrictions on the modulation
techniuges which can be used. In order to minimize the signal distortion which results from
fading, a near-constant envelope signal is normally used. Thus the Gaussian-minimum-shift
keyed (GMSK) and quaternary-phase-shift keyed (QPSK) signals with a theoretical spectral
efficiency of only two bit/s/Hz are most often used over mobile links. However, with the
ever-increasing demands for the RF bandwidth allocations, there will be a severe shortage of
RF spectrum for digital land mobile radio systems and the signals with better spectral
efficiencies are expected to be used in future. Among these spectrally efficient signals, the
16-ary phase-shift keyed (16PSK) and 16-ary quadrature-amplitude-modulated (16QAM)
signals with a theoretical spectral efficiency of four bit/s/THz are promising candidates
because of their relative simplicity of implementation and good bit-error-rate (BER)
performance through linear channels [1-2]. Recently, the pilot-symbol-aided (PSA)
transmission techniques have been proposed to compensate the signal distortion when this
type of signals is transmitted in the fading channels [3-9]. In a PSA system, the transmitted
data-symbol sequence is divided into frames of data symbols. A pilot symbol from a known
pseudorandom-symbol sequence is then inserted into each of these frames for transmission.
The receiver is assumed to have prior knowledge of the pilot-symbol sequence and so is able
to extract the pilot symbols from the received signal and hence to estimate the signal
distortion introduced in the fading channel. The resultant estimates are then used to correct
the fading effects in the data symbols. Different algorithms have been proposed to estimate
the fading effects using the received pilot symbols. In these studies, the fading estimation
processes make use of only the pilot symbols but ignore the fading distortion information in
the data symbols [3-7]. Several simple estimation techniques that make use of the data
symbols as well as the pilot symbols to enhance the accuracy of the estimation process have
been proposed by the authors [8-9]. Studies have shown that, in the frequency non-selective

fading channels, substantial improvements on BER performances of the signals can be
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achieved by using both the pilot and data symbols, instead of only the pilot symbols, for

fading estimation.

This paper studies a first-order estimation technique [8] to be used in the frequency-
selective and frequency-nonselective Rayleigh fading channels that corrupted by co-channel
interference (CCI) or additive white Gaussian noise (AWGN). The major advantages of the
proposed technique are its simple implementation and the short storage-delay time
introduced. Since it requires only two pilot symbols to compensate the fading effects of the
data symbols within a frame, the storage-delay time is only one frame long. Results are
presented in a series of computer-simulation tests. These assess the effectiveness of the
technique on the BER performances of the 16PSK and 16QAM signals. Since the 16PSK and
star-16QAM signals can be differentially detected, they can be used for mobile systems [11].
The BER performances of the differential-detected 16PSK (DD-16PSK) and star-16QAM
signals are also presented for comparison. It has been shown that, under all the conditions

tested, the PSA-16QAM signal has the best BER performances.

The paper is organized as follows. Section Il describes the system model used for the
study. The proposed fading compensation technique is described in section Ill. Simulation

results and discussions are presented in section 1V.
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1. SYSTEM MODEL

The baseband equivalent model of the data-transmission system used in the study is
shown in Fig. 1. In the transmitter, the encoder maps the binary data {u.} into the data
symbols {d,;} according to the 16PSK or 16QAM signal constellations shown in Fig. 2. For
every (L-1)-data symbols, a pilot symbol from a known pseudoradom-symbol sequence
{p. o} is inserted at the beginning of the frame to form an L-symbol frame as shown in Fig. 3.
(A pseudoradom sequence of pilot symbols is used to avoid transmitting tones [4].) To
minimize the performance degradation due to AWGN, the pilot symbols are chosen to be
those symbols with the largest energy levels in the signal constellation [6]. In Fig. 1, at time
t=nT seconds, the transmitted (data or pilot) symbol is used to form an impulse
q,0(t—nT) which is fed to the premodulation filter with an impulse response a(t). The
signal ¢, is either a data symbol d,; or pilot symbol p, , and is complex-valued, and &(t) is
the Dirac-delta function. At the output of the premodulation filter, the signal Zn q,a(t—nT)

is used to linearly modulate the carrier signal to form the transmit signal.

Each of the transmission paths (transmission paths 1, 2 and 3) in Fig. 1 introduces
uncorrelated Rayleigh fading distortion [10] to the corresponding input signal and is modeled
as shown in Fig. 4, where the input signal is multiplied by the complex-valued low frequency

Gaussian waveform
b(t) =b'(t) + jb(t) (1)

to give the corresponding Rayleigh-faded signal. The waveforms b'(t) and b"(t) are two

statistically independent real-valued baseband Gaussian waveforms, each with the power

spectral density of [1]

2

o
_— —-f . <f<f
By =o'~ o @
0 , elsewhere
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where [B(f)| is the magnitude of B(f), o is the average power of the faded carrier, and
f, is the maximum Doppler spread of the faded signal caused by the mobile motion and

given by

fo= ©)

v
A

where v is the velocity of the mobile and A is the wavelength of the signal carrier. To
generate b'(t) and b"(t), two statistically independent stationary real-valued white Gaussian
noise waveforms are fed separately into two identical lowpass filters with the same transfer
function given by (2). In each of the transmission paths in Fig. 1, the input signal is
multiplied by an individual (uncorrelated) complex-valued signal b(t) to give the
corresponding Rayleigh-faded signal. The combination of the desired (main-path) signal and
the delayed signal accounts for frequency-selective fading of the channel [10]. Stationary
white Gaussian noise is assumed to be added at the input of the receiver. Thus at the input of
the receiver (Fig. 1), the signal composes of the desired signal (from transmission path 1), the
delayed signal (from transmission path 2), the CCI signal (from transmission path 3) and
AWGN. The received signal is filtered by a postdemodulation filter which is taken to have
the same impulse response a(t) as the premodulation filter at the transmitter, so that the signal

at the output of the postdemodulation filter is given by
r(t)=> g.a(t—nT)y(t)*a(t)+w(t) 4)

where * denotes the convolution process, y(t) represents the combined distortion effects
introduced into the desired signal by the three transmission paths and w(t) is the filtered noise
waveform. Assume the Doppler shift due to the mobile motion is small compared to the
symbol rate and so the intersymbol interference (I1SI) caused by the filtering process can be
neglected. The baseband signal r(t) is sampled in synchronism at the time instants {nT}. Also

assume a(t)*a(t) = 1 at time t = 0, so the signal at time t = nT is given by

r=d,Y, +W, )
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where y, =y(nT) and w, =w(nT). Since the transmitted pilot symbols are known at the

receiver, in the absence of AWGN, the effects of distortion y, on the pilot symbol is
computed as

Yy = (62)
a,

However, in the presence of AWGN, only an estimate of y, can be obtained as

. r
g, =" (6b)

Oy
which is used to estimate the distortion effects on the received data symbols. The estimates
are used to correct the data symbols which are then fed to the detector and decoder to
produce the binary data {0,} at the output. The proposed estimation technique is described in

the following section.
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1.  MULTIPATH FADING COMPENSATION

The frame structure of the transmitted symbol sequence is shown in Fig. 3. The signal

at the i-th position of the k-th received frame can be written as
i = Oei Yi,i ¥ Wi (72)

where q,; is either a transmitted pilot symbol or a transmitted data symbol, vy, ; is the

distortion effects (combines the effects of the fading distortion in transmission path 1, the

delayed signal from transmission path 2 and the CCI signal from transmission path 3) on the
i-th symbol of the k-th frame, and w, ; is the noise at the i-th symbol of the k-th frame.

For i =0, the signal is
feo = Pio Yio T Wio (7b)

where p, , is the pilot symbol in the k-th frame. Fori =1, 2, ..., L-1, the signal is
hei = i Vi + W, (7¢c)

where d,; is a data symbol at the i-th symbol of the k-th frame. The proposed compensation

process works with the frame lengths of 4, 8, ..., or 2™ (where m is a positive integer) and
consists of two compensation stages. The first stage works on the data symbols in the even-
number positions (i.e., i = 2, 4, ..., L-2), while the second stage works on the data symbols in

the odd-number positions (i.e., i =1, 3, ..., L-1) of a frame.

Compensation for Data Symbols in Even-Number Positions

The combined distortion effects, §, , and Y,,,,, on the pilot symbols, p,, and p,,,,,

in the k-th and (k+1)-th frames, respectively, due to the three transmission paths are estimated

as

g =Ko (8a)
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Meva0 (8b)

k+1,0

Y0 =

The estimate of the distortion effects on the data symbol, d, ,,,, is computed as

o Yo+ Yo (9a)

kL2 =
2

This signal is then used to correct the distortion effects in r, ,, to give an estimate of

the data symbol

po e (9b)

U2 = &
YL

This corrected data symbol is threshold detected to produce the detected data symbol
am (where &kvuz is a possible signal vector on the constellation). If L = 4, the
compensation process for the data symbols in the even-number positions is completed and

the compensation process for the data symbols in the odd-number positions begins.

If L = 8, the compensation process for the data symbols in the even-number positions
continues as follows. The detected data symbol oAIk'L,2 Is used to estimate y,  ,, as rk,L,z/cik,L,2

which is then used to obtain the estimates of y, ,, and y, , , as

1w J
y ' = — y i + = (10a)
ks =5 ( k.0 Ay
- 1(r N
Yiaua = E [akkl:zz + yk+1,0) (10b)

respectively. These signals Y, ,, andy,, , are used to correct r,, and r, , to obtain the
corrected data symbols

S r‘k,L/4

e yk,LM (10c)
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R I
foore == (10d)

k,3L/4

which are threshold detected to produce the corresponding data symbols dAkYL,4 and c]kvsm.

If L = 16, the compensation process continues further. The detected data symbols,
dAkYL,4 and c]kvsm, are used to obtain the estimates of y,,, and y,, , as rkYLM/c]k'L,4 and

MeaLia / 6,(&,4, respectively. Then together with §, ; and §,,,,, the estimates of the effects on

the rest of the symbols within the frame are obtained according to

Y o o o J (11a)
Yeus =7 Yoo T =
2 [ dy e
~ 1(r R
Ye7us = E( et yk+1,0] (11b)
k,3L/4
- o r . _
Yijue = %( ak*“*““** + ak*“*l)“‘i ] forj=3,5 (11c)
k.(j-1)L/8 k.(j+1)L/8

These estimates are used to correct the corresponding received data symbols. Here
again, the corrected data symbols are then fed to the threshold detector to produce the
detected data symbols. A set of equations similar to (11) can be derived for L = 32, 64, ..., 2"
(where m is a positive integer). The compensation process continues until all the data
symbols in the even-number positions are done. The compensation process for the data

symbols in the odd-number positions then begins.

Compensation for Data Symbols in Odd-Number Positions

The compensation process for the data symbols in the odd-number positions is

straightforward. The distortion effects on the data symbols are estimated as

- 1 . f 12a
Y1 = ?(Yk,o +ﬁ} (122)
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| T ]
Yera =57 7 1 Yeao (12b)
2 (d 1
N r . r . .
Vi =2i(a"—1‘1+%} forj=3,5,..,L-3 (12c)
K, j-1 K, j+1

The corrected data symbols are then obtained as

fo==  fori=1,3,.,L-1 (13)

which are fed to the threshold detector to produce the detected data symbols. Of course, at

the end of the compensation process, all the detected data symbols are fed to the encoder to

produce the binary data {0, }.

The whole compensation process repeats for all the received frames. It should be
noted that the major advantages of the proposed estimation technique are simple
implementation and the short storage-delay time introduced by the fading compensation
process. It requires only two pilot symbols to compensate all the data symbols within a

frame, so the storage-delay time is only one frame long.

Signal Energy Considerations

Since the pilot symbols are known to the receiver, they carry no data information, but
require a certain amount of power for transmission. Thus for a system with a fixed
transmission power, a portion of the power has to be assigned for transmitting the pilot
symbols. The net average data-symbol energy is therefore reduced. If the same transmit data-
symbol energy as that without transmitting the pilot symbols is to be maintained, the average

energy per data symbol has to be increased by

L j |Pd|'|_|__1+‘Pp"i
Pl

dB

AE.=101o
-0t
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=10log H (L)+1 dB 14
= 142

where L is the frame length, ‘Pp‘ and |Pd| are the average energies required to transmit a pilot

symbol and a data symbol, respectively.

For 16PSK signal, all the signal vectors have the same energy level, and (14a) reduces

to

AE, =10 log (Lj dB (14b)
L-1

For 16QAM signal, since the pilot symbols are selected from those signal vectors
with the largest signal levels in the constellation, ‘Pp‘ . |P,| =9:5and (14a) becomes

AE, =10log Q(L]H dB
5\L-1

~10log [;(tt‘ll)}ds (14c)

The theoretical BER performances of coherent 16PSK and 16QAM signals in a

Gaussian channel are given by [12]

1 4E . T
P ~=erfc| |—2sin| — 15a
b,16 PSK 4 |: NO (16 j:| ( )

3 6E 3 6E
R ~—erfc| |—> |x|1-—erfc| |—>
basam =g { 15N, ] " [ 8 ( 15N, ]] (15b)

where E, is the average energy required to transmit a bit, and N, is the single-sided noise
power spectral density of the AWGN. Taking into account the loss of energy due to
transmitting the pilot symbols, the BER performances of these two signals over a Gaussian

channel, with different values of frame length L, become
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P iepsk = % erfc [ 4(% - AESJ sin (%)] (16a)
0
3 6 (E 3 6 (E
P ~—erfc| |—| —>-AE 1-=erfc| | —| —>-AE
bisoam ~ g I:\/]-S [No s)] X { 3 [\/15 [No SJ]} (16b)

where AE, is given by (14b) and (14c) respectively. The BER performances of the 16PSK

and 16QAM signals, with the insertion of pilot symbols and different frame lengths, are
shown in Fig. 5. No compensation technique is used in these systems. It can be seen that, as
the frame length increases, the performance degradation due to transmitting the pilot symbols
reduced. When the frame length of L =8, the performance degradations of 16PSK and
16QAM signals caused by transmitting the pilot symbols are about 0.58 dB (using (14b)) and
0.99 dB (using (14c)), respectively.

Bandwidth Considerations

In addition to signal energy, a certain amount of bandwidth is also required to
transmit the pilot symbols. If the same system throughput as that without transmitting the
pilot symbols is to be maintained, the resultant symbol rate needs to be increased by a factor
of L/(L-1). For a frame length of L =8, there is a 12.5% loss in the throughput.
Obviously, a signal with a shorter frame length requires more extra bandwidth and extra
energy for transmitting the pilot symbols. However, a shorter frame length provides a more

accurate result on fading estimation [7] and so a compromise has to be reached.
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IV.  RESULTS AND DISCUSSIONS

A series of computer-simulation tests has been carried out to study the BER
performances of the pilot-symbol-aided-16PSK (PSA-16PSK) and pilot-symbol-aided-
16QAM (PSA-16QAM) signals in the mobile radio channels that corrupted by CCI or
AWGN. A frame length of L = 8, a bit rate of 32 kbit/s and a traveling velocity of 48 km/hr
(leading to a normalized Doppler spread of 0.005 at a carrier frequency of 900 MHz) are used
throughout the tests. For the purpose of comparison, the results on the BER performances of

the differential-detected 16PSK (DD-16PSK) and star-16QAM signals are also presented.

Basic Assumptions

In the study, the signal-to-noise ratio is defined as

SNR =10 Iog(%) (17)

0

where E, is the average transmitted bit energy (after taking into account the power loss due

to transmitting the pilot symbols) and N, is the single-sided power spectral density of the

AWGN. The signal-to-CCI power ratio is defined as

SIR =10 Iog(%) (18)

where S and | are the power of the main-path signal and the CCI signal, respectively. The

main-path-to-delayed-path power ratio is defined as

SDR =10 Iog(%) (19)

where D is the signal power of the delayed-path and, of course, if SDR = oo dB, the channel

becomes frequency-nonselective. The normalized delay between the signals from the main-

path and the delayed-path is defined as
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T (20)
=

where 7 is the time-delay between the main-path and the delayed-path and T is the symbol

duration.

Results and Discussions

The simulation results on the BER performances of the signals against SNR, in the

frequency-nonselective fading environments (SDR =o dB) and in the absence of CCI

(SIR=00dB) are shown in Fig. 6. The BER performances of the DD-16PSK and

star-16QAM signals under the same conditions are also shown for comparison. The
star-16QAM signal has the signal constellation shown in Fig. 2c. It can be seen in Fig. 6 that
both signals using the PSA technique perform substantially better than the other two signals
using differential detection. In addition, the PSA-16QAM signal has the best BER
performances. With SNR =50 dB, the PSA-16QAM signal achieves a BER of about
2.2x107°. While the DD-16PSK and star-16QAM signals have the BERs of only about
18x10° and 52x107*, respectively. Thus the PSA-16QAM signal outperforms the
DD-16PSK and star-16QAM signals by the factors of 81.8 and 23.6, respectively.

In the absence of noise (SNR = dB), the BER performances of the signals against

SIR in the frequency-nonselective fading environments (SDR = dB) are shown in Fig. 7,

which indicates that both signals employing the PSA technique have better tolerances to CCI.
Here the PSA-16QAM signal also achieves the best performances. With SIR =50 dB, the
BER of the PSA-16PSK and PSA-16QAM signals achieve the BERs of about 91x10™ and
43x107°, respectively. While the DD-16PSK and star-16QAM signals only have the BERs
of about 17 x10% and 58 x10™*, respectively. Thus the PSA-16QAM signal outperforms the
DD-16PSK and star-16QAM signals by the factors of about 39.5 and 13.5, respectively.

In the frequency-selective fading environments (SDR =« dB), the BER floors

(SNR =0 dB and SIR =« dB) of the signals with the normalized delays /T =0125 and

7/ T =05 are shown in Fig. 8. It can be seen that the BER floors of the PSA-16PSK and
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PSA-16QAM signals are substantially lower than those of the DD-16PSK and star-16QAM
signals. When the amount of normalized delay is small, the PSA-signals start gaining
advantages over the other two signals at a lower value of SDR. TABLE 1 summarizes the
minimum SDR required to achieve a BER floor of 10x10° (typical error rate required for
voice communications) at the normalized delays of z/T =0125 and /T =05. It is shown
than the DD-16PSK signal cannot achieve such a BER floor at all the tested SDRs. Here, the
PSA-16QAM signal again performs the best among all the signals tested.

TABLE 1. Minimum SDR Required to Achieve a BER Floor of 10x10°°

Minimum Required SDR /T =0125 r/T=05
PSA-16QAM 11dB 29 dB
PSA-16PSK 15dB 32dB
Star-16QAM 19dB 37 dB

When the signal from the delayed-path is 3 dB below that of the desired signal (which
indicates a relatively strong main-path component), the BER floors of the PSA-16PSK, PSA-
16QAM, DD-16PSK and star-16QAM signals with different values of normalized delay are
shown in Fig. 9. It can be seen that the amount of normalized delay has significant effects on
the BER floor. The longer the normalized delay, the higher is the BER floor, as is expected.
When z/T > 05, none of the signals is able to achieve the BER floor lower than 10 x10™" at
SDR =3 dB. However, the PSA-16QAM signal still performs the best among the signals

under tested.
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V. CONCLUSIONS

A novel and simple technique that uses the received data symbols as well as the pilot
symbols for fading compensation in the mobile radio channels has been proposed. The major
advantages of the technique are simple implementation and the short storage-delay time.
Since it requires only two pilot symbols to compensate the fading effects of all the data
symbols within a frame, the storage-delay time introduced by the compensation process is
only a frame long. The effects of the technique on the BER performances of the 16PSK and
16QAM signals have been studied using computer simulations. The comparisons with those
of the DD-16PSK and star-16QAM signals have been made. Results have shown that, under

the range of conditions tested, the PSA-16QAM signal has the best performance.

In the frequency-nonselective fading environments and in the absence of CCI, the
PSA-16QAM signal achieves a BER of about 2.2 x10™° at SNR = 50 dB. However, under the
same assumed conditions, the DD-16PSK and star-16QAM signals have the BERs of about
18x10°° and 5.2x10™*, respectively. Thus, the PSA-16QAM outperforms the DD-16PSK
and star-16QAM signals by the factors of 81.8 and 23.6, respectively. In the absence of noise
but presence of CCI with SIR =50 dB, the BERs of the DD-16PSK and star-16QAM signals
are about 17 x10°% and 58 x10™*, respectively. While the PSA-16QAM achieves a BER of
43x107°. Here, the PSA-16QAM outperforms the DD-16PSK and star-16QAM signals by

the factors of 39.5 and 13.5, respectively.

In the frequency-selective fading environments, the BER floors of the PSA signals are
substantially lower than those of the DD-16PSK and star-16QAM signals. When the
normalized delay is small, the PSA-signals start gaining advantages at a lower value of SDR.

Here, the PSA-16QAM signal again has the best performances.
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Fig. 6 BER Performances as Functions of SNR in the Frequency-Nonselective Channels
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Fig. 7 BER Performances as Functions of SIR in the Frequency-Nonselective Channels
and in the Absence of AWGN
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Fig. 8b  BER Floors as Functions of SDR in the Frequency-Selective Channels with the
Normalized Delay. (b) z/T =05
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