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Channel Precoding With Small Envelope Variations
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Abstract—This paper presents channel precoding schemes to such decisions are not sufficiently reliable. The problem can
combat intersymbol interference (ISI) over a frequency-selective pe solved at the expense of the receiver complexity, such as
slow fading channel in wireless communication systems using/4 by using parallel decision feedback decoding (PDFD) [5] and

shifted quadrature phase-shift keying or minimum shift keying. - . e A -
Based on the dimension partitioning technique, the precoders pre- decision-feedback noise prediction with interleaving (DFNPI)

distort the phase of the transmitted symbol in the forward link to  [6]- In @ wireless system, the complexity constraint of the bat-
combat ISI, keeping the transmitted symbol amplitude constant. tery-powered portable unitis more stringent than that of the base
The proposed schemes can ensure the stability of the precoder evenstation, as the availability of compact, light, handheld portable
in equalizing a nonminimum-phase channel, combat ISI without  ynits is vital. Thus, the PDFD and DFNPI schemes can be used

increasing the complexity of portable unit receivers, and reduce j, ha reverse link but are not desirable for use in the forward
the envelope variations of transmitted signals such that power-ef- . - . .
link where the receiver is the portable unit.

ficient nonlinear amplifiers can be used for the precoded signals

without causing a significant undue distortion. Theoretical anal- One way to maintain the low complexity of the portable unitis
ysis and simulation results are presented to demonstrate the effec- to move channel equalization functions in the forward link from
tiveness of the proposed channel precoding schemes. the portable unit receiver to the base-station transmitter [7]. This

~ Index Terms—Channel precoding, equalization, intersymbol technique is called precoding or preequalization. Channel pre-
interference (ISI), minimum shift keying (MSK), /4 shifted  cqding was originally proposed for time-invariant channels such
%‘g’a‘\j/;a;g;?nghase'sr]'ﬂ keying (r/4-QPSK), slow frequency-se- o4 5 subscriber loop. As wireless mobile channels are in general
time-varying, in order to apply channel precoding techniques
to a wireless mobile system, certain mechanisms should be in
I. INTRODUCTION place to ensure that the channel time-varying components (such
N A wireless communication system, transmitted signaftS the Doppler effect) are accurately tracked and compensated.
I often arrive at the receiver through more than one path, dt@nsider the time-division duplex (TDD) operation, where the
to reflection, refraction, and scattering of the radio waves,f@ward link and the reverse link of a duplex channel transmit
phenomenon known as multipath fading. Transmitted signdernately on the same frequency band. For slow fading chan-
passing through a multipath fading channel suffer from ampli€!s, under the assumption that the channel characteristics are
tude fluctuation, phase distortion, and propagation delay spre@BProximately time-invariant within the duration of one data
In high-bit-rate transmission, the delay spread of the channel d&time, the estimated channel characteristics of the reverse link
be larger than the transmitted symbol interval. This results in ibtained at the base-station receiver can be used for the forward
tersymbol interference (1SI), which dramatically degrades trarl#ik transmission. A precoder at the base-station transmitter can
mission performance [1], [2]. Channel equalization is widelyse the available channelinformation to preequalize the signal to
used to mitigate the effect of 1SI [3], [4]. Decision-feedbackounter the ISI effect. The precoding technique can achieve both
equalizer (DFE) is the most popular nonlinear equalizer. Howortable unit simplicity and ISI reduction. Moreover, powerful
ever, DFE has an inherent error propagation problem. Alsggded modulation techniques with Viterbi decoding can be com-
when coded modulation is used to further improve transmisined easily with the precoding to further improve the system
sion performance, the combination of the Viterbi decoder witherformance [8], [9]. Theoretically, a linear precoder with a
a DFE is not straightforward if decoded decisions or tentatiteansfer function equal to the inverse of the channel transfer
decisions are to be used in the DFE. This is because DFE fenction can be used. However, when the fading channel is not
quires delay-free decisions for feedback and, in a coded systenimimum phase, the linear precoder becomes unstable. Several
nonlinear precoding schemes [10]-[14] have been developed to
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Fig. 1. A functional block diagram of the precoding system.

symbol phase and keeps a constant transmitted symbol amate effective in combating ISI, and the precoding scheme for
tude. Precoding for removing ISI introduced by pulse-shaping/4-QPSK can achieve a smaller envelope variation than the
filters has also been investigated [15], [16]. In this paper, the d&tandardr/4-QPSK.
crete information-bearing symbol (at baseband) representing thd his paper is organized as follows. Section Il describes the
modulated signal over each symbol interval at passband befosgnmunication system model where the proposed precoding
the transmitter filtering is referred to &mnsmitted symboind schemes are used. In Section lll, the principles and operations of
the modulated signal at passband after the transmitter filteringh newly proposed channel precoding techniques are presented.
referred to agransmitted signal. The transmission performance of the system using the proposed
In wireless communications, in order to meet specified ougrecoding techniques is analyzed theoretically in Section IV.
of-band spectral emission requirements, signals are bandpﬁgmel’icaj analysis results and computer simulation results of
filtered at the transmitters prior to transmission. A widely useifie transmission performance are presented and discussed in
bandpass filter is the raised cosine filter. In the North Americaection V. Section VI gives the conclusions of this research.
digital cellular systems (1S-54) [17], a raised cosine filter is split
into two square-root raised cosine filters: one for the transmitter
and one for the receiver. After filtering, the side lobes of the
transmitted signals are suppressed and the band-limited signalkig. 1 shows the functional block diagram of the wireless
will no longer have a constant envelope. When a power-efficieedmmunication system under consideration. For simplicity, it
nonlinear amplifier (e.g., class C) is used to amplify the transhows only one base station and one portable unit linked by a
mitted signal, the nonlinearity of the transmitter power amplivireless channel. This system uses time-division multiple ac-
fier tends to spread the signal frequency spectrum and henceakss (TDMA) in TDD with asymmetric channel equalization.
creases the spectrum efficiency. The degradation increases féha modulation scheme is/4-QPSK or MSK. In multiple ac-
scheme with a larger signal envelope dynamic range. As aresaéiss, users share the allocated radio spectrum in the time do-
modulation schemes with small envelope variations are desimadin. Time is partitioned into data frames, and each frame con-
for wireless communications [18]. For example, PSK with smadists of a number of time slots. With TDD, each user is allo-
envelope variations such ag4 shifted QPSK£/4-QPSK) or cated some slot(s) for the forward link and other slot(s) for the
MSK with constant envelope is preferred to amplitude modulaeverse link. Transmissions from various users are interlaced in
tion such as QAM. On the other hand, TH precoding is not sutthe frame using the same frequency band. When the transmis-
able for wireless transmission, as it introduces significant arsion rate is high, the fading dispersive channel introduces ISI
plitude variations to the transmitted signal. Keeping precod#althe received signal. In the reverse link from the portable unit
symbol amplitude constant is one way to reduce transmittemlthe base station, a DFE at the base-station receiver is used
signal envelope variations, as in the precoding for QPSK prim combat the ISI. The channel estimator estimates the channel
posed in [14]. However, the QPSK precoding does not elimimpulse response based on the tap coefficients of the DFE. For
nate any occasional phase shiftsdof rad that contribute to a slow fading channel, the channel characteristics are assumed
large transmitted signal envelope variations after filtering. The be nearly unchanged during one frame. Hence, the estimated
envelope variations degrade the spectrum efficiency when tttgannel characteristics in the reverse link can be used in the pre-
precoded signal is amplified by a nonlinear amplifier. coder at the base-station transmitter to preequalize the signal
In this paper, we investigate channel precoding with smathnsmitted in the forward link. The error propagation of the
envelope variations forr/4-QPSK and MSK. The newly DFE may result in channel information estimation errors. How-
proposed precoding techniques maintain a constant transmittedr, for slow fading channels, powerful tracking algorithms can
symbol amplitude and eliminate abrupt phase shift&ofrad be applied to suppress fast variation components in the channel
to achieve better output spectral characteristics and to allow #&imation due to decision errors in the DFE and due to addi-
use of a power-efficient nonlinear amplifier without an undutive Gaussian noise, so that the estimation errors can be greatly
distortion. The performance of the precoding techniques nsduced. In the system, most of the channel equalization func-
analyzed mathematically and by computer simulations. Numéioen is performed in the base station, and the complexity of the
ical results demonstrate that the proposed channel precogmseable unit can be greatly reduced.

[I. SYSTEM DESCRIPTION
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With high-bit-rate transmission, the delay spread of the : i : ‘

channel can be larger than the transmitted symbol intéfval ¢ . B c . B ; C
The transmission channel is then modeled as a frequency-s o - - partition |
lective slow fading channel. The complex impulse response ¢ ‘ ehet - ‘
the channel at the baseband fgy distinct propagation paths o ‘b . Eo | D -----
can be described as [19]-{21] | : ' s . L

Ny—1 ~ : : : i L

W)= 3" an(t)e O8(t - 7,(1) @ Bolng B

n=0 i ' a - im, -
whered,, (1), ¢, (), andr, (t) are the amplitude response, phase - - - B
shift, and propagation delay for thah path, respectively, and '
8(t — 7, (¢)) isthe impulse at = 7,,(t). ao(¢) at anyt is Rician | S o ””””
distributed if there is a line-of-sight (LOS) path, and Rayleigt. . . .. € B c B | ¢
distributed otherwise. On the other hand, the amplitude respon o aw S
of the delayed pathg&,,(t)(n > 0) is usually Rayleigh dis- S ; b
tributed with the phase respongg (¢) uniformly distributed b B D E . D i
over [0, 2r]. For simplicity, assumé,,(t) = nT. As a result, o w Pl
the channel impulse response can further be simplified to

iL(f) _ Nijl ﬁn(t)(S(t . nT) ) Fig. 2. The signal space partitioning for the QPSK precoding.
n=0

whereh, (t) = d, (t)ei*(®). For slow fading channels, we as-2nd imaginary parts of the 4-QAM symbols, amdand; are
. ~ S o ) integers such that both the in-phase and quadrature components
sume thaty,, (¢) andé,,(t) are time-invariant over each frame. ofthe precoded symbol are inthe rangp- L, +L]. Truncatin
With coherent detection, we can represent the wireless tra P y ‘ 9B-L, : 9

mission system equivalently at baseband. Consider the baseb‘?r% rom ; to I; is done by modulo-2 arithmetic operation

effective channel, which consists of the transmitter filter, thtgt € in-phase gnd quadratqre compone_nts of the ISI, respec-
ely. At the receiver, the desired symbol is recovered from the

physical wireless channel, and the receiver matched filter. If WY

sample the output of the matched filter at the end of each sym ?elved ZYmbO' bé/. the sarﬂe modulq an(;hmetlbc (lnpera'ﬂond The
interval, the received symbol sequereg} is given by precoding pre Istorts t e_tra_nsmltte symbol amplitu € _to
achieve both ISI-free transmission and the precoder stability

Na—1 via the modulo arithmetic operation.
ri= Y haTin +1mi = howi + L+ mi (3 The precoding scheme for QPSK [14] is developed based on
n=0 the TH precoding with some modifications. To achieve a con-

whereN, > Ny, {h,} is the sequence of coefficients of theStanttransmitted symbol amplitude, denotedibin the two-di-
equivalent discrete-time channel resporse;; is the weighted mensional (2-D) signal space, the precoded symbol should be on

ith transmitted symbol at the baseband (weightedd)y; = the circle centered at the truncated ISI with radiu§ his circle
Z;‘:l hnxi_, is the ISI, and{n;} is a discrete-time white is referred to as ISl circle. The precoder finds the best signal
Gaussian noise sequence. point (denoted by, for the ith symbol) on the circle, which
corresponds to the minimum transmission error rate. To illus-
IIl. PRECODINGWITH SMALL ENVELOPE VARIATIONS trate the process of finding the best signal point, the 2-D signal

space of QPSK is partitioned into 16 square regions with sides

In the fo.lloyving, the new precoding schemes with small %7, labeled withB, C, D, E (corresponding to the four infor-
velope v_anatlo_ns are Q(?ve_loped ﬁo/4-QPSK_and MSK based ation symbols in QPSK), as shown in Fig. 2. Regions with the
on the dimension partitioning concept. We first assume= 1 game |abel represent the same 2-bit information symbol. The
and then discuss the case wtgnz 1. For completeness, the . ncated ISI is always in the regidhat the center (referred to
conc_epfc of d|m_en3|on partitioning for precoding QPSK signals; y55e regio). If A € [5L/4, v2L), the ISI circle always
[14] is first reviewed. stays in the nine shaded regions and overlaps with the regions
representing all four different phases of QPSK signals [22]. Cor-
rect detection can be achieved as long as the signal applied to

In (3), givenhy = 1, if the desired received symbol (ISI andthe decision device lies in the correct decision region. The best
noise free) isd;, then the transmitted symbol after precodingignal point on the ISl circle is the one (in the region for the in-
should ber; = d; — I;. However, when the channel is not minformation symbol) that has the largest distance from the region
imum phase, the amplitude of the transmitted symbol approachesindaries. The output of the precodegjs= b, — I .
infinity. To overcome the precoder instability, TH precoding for The precoding for QPSK intends to limit envelope variations
2 x 2 quadrature amplitude modulation (QAM) generates tlod the transmitted signal by keeping a constant transmitted
transmitted symbat, = d; — I, wherel! = I; — 2(u; + jv;)L  symbol amplitude. However, it does not avoid the phase shifts
is referred to as truncated ISl1,/2 is the magnitude of the realof +7 rad between successive symbols, which can make the

A. Precoding for QPSK Using Dimension Partitioning



LEE AND ZHUANG: CHANNEL PRECODING WITH SMALL ENVELOPE VARIATIONS 27

envelope go to zero after filtering. Thus, the precoding proce .
in discreteT-spaced moments without any constraint on th----- e e e
phase of precoded symbols can still have a large envelc \

variation from time to time, which may mean a substanti I
instantaneous bandwidth expansion after a power-efficie- - - - -
nonlinear amplifier. The bandwidth expansion is not desired
wireless communications as each user is allowed to transi” = = [~

only in the strictly assigned frequency band. SR S VA N S N R

B. Precoding forr/4-QPSK .- B--

The 7 /4-QPSK signal constellation consists of two QPSI
signal constellations offset by/4 relative to each other. The
two signal constellations are used alternatively from symbol =~~~ [’
symbol. Atany symbolinterval, a signal pointis chosenfromtr_____[. __ S
QPSK constellation to represent the two information bits. Tt '
even-numbered symbols can have phateg4 and+3rx/4, =~ | - ¢
whereas odd-numbered symbols can have phases (2, and _____ '
w. There are a total of eight possible signal points, and the ph: |
change between any two consecutively transmitted QPSKsy - - -1+ - D+ |- -
bols is limited to the se{r /4, 3r/4, 51 /4, T /4}. To rep- |
resent ther/4 phase shift between the two QPSK constelle |
tions, let the four regions shown in Fig. 2 represent the phases
+7/4 and=+3r/4 for even-numbered symbols and the phasé¥: 3
0, £7/2, andr for odd-numbered symbols. As a result, in the
following discussion, we focus on one QPSK signal constell , .Y
tion to represent the four QPSK signals of either odd-number-- - - -
or even-numbered symbols.

1) Precoding: The first step in the precoding is to obtain the
truncated ISII] from the known channel information and the- - - -
previously transmitted signals. According to the position of tF
ISI, the phase represented by each region is determined. ~ =~ |’ ,
best signal poink; on the ISl circle in the correct regionisther- - - - | _____1___ [ L S
determined, and the precoded symbol is the difference betwse
the best signal point and the truncated ISI, v+ b; — I/. The
main issues in the precoding are how to define the meanings
the signal regions and how to find the best signal pbjint .

a) The signal regions:Due to the special arrangemento™ =~ |- " E -
square regions in a partition, each region does not always ri ‘
resent the same phase of the transmitted symbols [14]. The
tual ISI before truncation can lie in any region, butthe truncate - - | - € -1~ -1
ISI can only lie in the base regioB. Hence, the real ISland '
the truncated ISI have different reference region patterns s Lo
rounding them. During precoding, the best signal pointisontl - - - - D- -} -
ISI circle centered at the truncated ISI; however, the receiv |
signal is on the corresponding circle centered at the actual | |
After the modulo arithmetic operation, the received signal may
not be shifted to the region specified in the precoding proceduf&: 4. An example of the decoding procedure fgi4-QPSK.

For example, in Fig. 3, the actual ISl lies in regibhand the

desired signal point is in regiafi. At the receiver, the received The relation betweertu,, v;) and the phases represented by
signalr; is truncated tal; (after the modulo arithmetic opera-each region after the modulo operation is developed and illus-
tion), which lies in region3, as shown in Fig. 4. As aresult, thetrated in Fig. 5. As the pattern of the signal space partitioning
meanings of the signal regions should be determined such thafixed (independent of the actual carrier phase of the original

1) no matter what the combination @i;, v;) is, the pattern =/4-QPSK symbol), in finding the best signal point, cases of

I
1
I
I
I
-6L .

An example of the precoding procedure fgi4-QPSK.

-6L

of B, C, D and F does not change; the desired phase iB, C, D, and E regions, respectively, are
2) the ISIs located in the regions with the same label haeensidered instead of their actual phases suat/4s3r /4, etc.
the same reference pattern surrounding them; b) The best signal pointThe signal point must lie on the

3) the phases represented by each partitioB,of’, D, and ISI circle to keep a constant transmitted symbol amplitude. In
FE after the modulo operation are the same. choosing a point from the ISI circle as the best signal point, two
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(u; mod 2,v; mod 4) : B.C,D, E where Q(z) = (1/v/2m) fzoo exp(—(t2/2)) dt andé¢, is the

standard deviation of the discrete additive Gaussian noise com-

odd-numbered; even-numbered symbols ) i
ponent ;) sampled at the output of the receiver matched filter.

(0,0)or (1,2) : 0,7/2,7,37/2; 7/4,3m/4,5m[4, Tn /4 Similar calculations of the error probability can be done for
(0,1)or(1,3) : m,3m/2,m/2,0; 5 /4, Tr /4, 3m /4,7 /4 other desired decision regions [23]. In general, the transmission
(0,2)or (1,0) : 7/2,0,37 /2,73 3m/4,7[4,7n[4,57 /4 accuracy measure functiaps (z, y) can be defined as
(0,3)or(1,1):3m/2,7,0,7/2; Tm/4,5m/4,m/4,3n/4

Qp(z, y) = Qp(x — 2pL, y — 2qL) (5)

wherep andq are some integers such tha€ [2pL, (p+1)2L),

y € [2¢L, (¢ + 1)2L). The smaller the value @)z (z, y), the
better the transmission accuracy.

criteria are considered: transmission accuracy and carrier phasget 1/ = A exp(j;) be theith precoded symbol, and let
change between adjacent precoded symbols. The best sigal(=+;, — ~, ) be the phase change between the adjacent

point should give alow BER and, at the same time, should avajgmbols. It is desired that the phase change should stay far away
a phase change close to or equattoin order to reduce the en- from 7. Here, we define a phase change measure as

velope variation of the transmitted signal after filtering.
The transmission accuracy can be represented by the proba- Ai = [(Ayi) mod [—, +]|. (6)
bility that the received signal lies outside the correct decision rg‘%

Fig. 5. Relationship betweenu(, v;) and the region pattern for the
7/4-QPSK precoding.

. . . _ : e smaller the\; value, the smaller the envelope variation and
gion. For easy calculation, the noise effect on the received sig

is t lated to that on the best sianal point. Th babilit better the precoder performance.
IS ransiated to a' on the best signal point. 1he probability o Taking into account both the transmission accuracy measure
the received signal’s lying outside the correct decision region

and the phase change measure, the final function for evaluating

equal to the probability of the additive Gaussian noise shiftinagSignal point on the ISI circlé for theith symbol is defined as
the best signal point to another signal region. From Fig. 6, as-

suming that the probability of shifting the best signal to another U, = QB(a:, y)xw+ A @)

region with the same label is very small, if the best signal point i ) o o
b; = (z, y) liesin regionB, i.e.,z, y € [0, 2L), the probability whereuw is the relative weighting factor of the transmission ac-

that the received signal lies outside the desired decision regf#f2cy measure to the phase measure. To find the best signal
is [14] _pom_t,_ the arc of the ISI circle in the desired decision region
is divided into small segments. The number of segments in-

) L0 <i 1/) creases with the length of the arc. The coordinates of the end-
O points of each segment are substituted into (7). The point with

Qs 1) =0 (=) +@ (5 CL-a)

n n

1 1 1 the smallest value of th& function is chosen as the best signal
+Q <5_ (2L - U)) -Q <5_ l) Q <5_ U) point. The best signal point is a function of the additive noise
17' 1 ! ! power of the received signal. A3(z) is a monotonically de-
-Q <— 1) Q <6_ (2L - y)) creasing function of andé, is simply a scaling factor in all
K K the Q(-) functions in (4), the effect of, on the value of¥ in
-Q <i (2L — 35)) Q <i 1/) (7) and therefore the choice of the best signal point can be com-
by by’ pensated, to a large extent, by a proper choice of the weighting
1 1 factorw. Note that, without the phase change constraint, the pre-
-Q <5_n (2L - l)> Q <_n (2L - U)) “) coder does not require the knowledge of the noise power [14].
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As a result, in practical implementation, the estimation of the
6, value can be avoided by using typical values of bittand
w for the target propagation environment. To achieve a smallel
envelope variation, the best signal point may have a larger BEF
than the one without the phase shift measure. Even though th
signal is precoded symbol by symbol, the phase change con
straint will result in a smaller envelope fluctuation of the pre-
coded signal as compared with the QPSK precodingin [14]. The
reduced envelope variation is obtained at the cost of the trans
mission accuracy.

w/4-QPSK is proposed to achieve less envelope variations
as compared with QPSK [18], in the absence of ISI. However,
when precoding is used in the presence of ISI, the advantage ¢

oL z

usingr /4-QPSK would be reduced if no constraint on the phase BB B B B
change of the precoded symbols is considered. This is becaus _____ S I B DI P
the phase of the precoded symbol depends on the ISI and i o c c

therefore a random variable. The constraint on the phase chanc

is essential to ensure small envelope fluctuations in the presenc - - __

of ISI. When the ISl is not severe, the degree of the randomnes,

in the precoded symbol phase is limited. Using-QPSK in-

deed reduces envelope fluctuations even with precoding.
2) Decoding: After passing through the dispersive channeb Precoding for MSK

theith received symbol is

e e e Ea e [y Iy iy,

Fig. 7. The signal space partitioning for the MSK precoding.

MSK is binary continuous-phase frequency-shift keying
ri =+ L+ (CPFSK) with the modulation indek = 1/2. The phase
continuity is maintained at any time instant to produce a constant
envelope. The phase transition over a symbol interval depends
information transmitted, i.eAvy;, = (w/2)m;, where
= 1 for symbol “1”" andm; = —1 for symbol “0.” Due to
constraint of continuous phase, the signal constellation of
MSK is similar to that of QPSK, even though MSK is a binary
modulation scheme. In the MSK signal constellation, one of
two message points is used to represent the transmitted symbol
at any one time, depending on the initial phase for the symbol
. - ‘interval. In coherent detection of the MSK signal, the phases at
nary parts ofd; are in the range of-L, L]. The decision de- o poqinning and the end of the symbol interval are estimated,
\{'Ce detAermlnes the pha;e represented_ibgiependlng.on t,he each based on the received signal waveform over the two-symbol
1; andv; values, according to the relations shown in Fig. E?nterval, and then an estimate 0fy;, A%;, is obtained [24].
When coded modulation is used to further improve the trangpe receiver decides that a “1” was ser i A%- < = and
mission accuracy, a Viterbi decoder should be implemented-g otherwise. To obtain correct detection, the estimated phase
the receiver after decoding the precoded signal. To combine @&erence only needs to fall between 0 andor symbol “1”
modulation with Viterbi decoding for better performance, thg,q petween 0 and~ for symbol “0.” For convenience, the
decoder of the precoded signal should not make a hard deci%se reference is rotated by2 such that a phase difference
on the transmitted coded symbols. As a result, the Viterbi dgetween_ﬂ/z andr /2 corresponds to symbol “1” and a phase
coder input should includé;, in addition tod, and ;. Even  change outside the range corresponds to symbol “0.” Therefore,
though how to map the value ¢#;, i;, 9;) to the Viterbi de- iy precoding, the signal space is divided into partitions of two
coding metrics needs further investigation, itis expected that thgtinct regionsp3 andC, representing phasesr/2 and— /2,
interconnection of the decoder for the precoding and the Viteriispectively, as shown in Fig. 7. The ISI circle always stays in the
decoder is straightforward, as the ISI component at the inputéfaded area and intersects the two regions.
the Viterbi decoder has been significantly reduced (if not com- Similar to the precoding forr/4-QPSK, the first step to
pletely removed) by the precoding and decoding process pristecode the signal is to truncate the estimated ISI through the
to the Viterbi decoding. modulo operation such that both in-phase and quadrature com-

In the example illustrated in Figs. 3 and 4, an even-numberpdnents of the truncated IS are in the range [0} Zccording
symbol with phase of 7/4 is transmitted(u;, v;) = (0, 1), tothe position of the actual ISI, the decision region of the desired
and the truncated ISI locates in the left half of the regidn signal is determined. Since the region pattern repeats every
Hence, the best signal point is in the left region At the re-  two rows, ifv; is even, region3 representsr/2 and regiorC'
ceiver,(u;, v;) = (1, 1), andd; lies in regionB; therefore, the represents-r/2, and vice versa otherwise. At each sampling
decoder will determine the signal phase ag#, which is a cor- moment, the point on the ISl circle with the lowest error proba-
rect detection. bility is chosen as the best signal point. Between two sampling

=d; + 2(uwi + jvi) L + n;. (8)
To recover the signal, the decoder at the receiver applies 81ne
same modulo-2 arithmetic operation on the received signalthé
The signal after the modulo operation is

(27; =7, — 2(127 + _]’UA,)L (9)

for some integersii andwv; such that both the real and imagi
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moments, the phase of the precoded signal changes smoo#&ibo, in order to counter the effect of the phase distortion, the
from one point to another to maintain the phase continuity, precoded signal is multiplied by 7¢° before being transmitted.
order to keep the constant transmitted signal envelope as irAfter passing through the multipath fading channel, the re-
MSK without precoding. The difference between the best signadived signal is scaled ky,. Therefore, a scaled decision region
point and the truncated ISI will be the precoded signal. Since thige and transmitted amplitude should be used in decoding, i.e.,
precoding scheme scrambles the precoded pRasandhi vary  2q,L andayA should be used instead of.2and A. In a slow
from symbol to symbol. As a result, the orthogonality betweefading channely remains approximately the same over a data
the original MSK signals no longer exists, and the precodégme. The value ofy, can be estimated at the base station and
signalis a variantform of binary CPFSK. Note thatthe precodingen sent to the mobile receiver; or the base station can send a
for MSK is no longerI'-spaced because the precoded signal hggedefined training sequence of a few symbols for the receiver
continuous phase and hence constant envelope. to estimate they, value. The sequence should be designed in
As shown in Fig. 7, the signal space is partitioned only in thg,ch a way that the symbols from the delayed paths cancel each
y-axis direction. As a result, the-coordinate of the best signalpther, which makes it possible to estimate the first-path ampli-
point does not affect the transmission BER. Tjheoordinate 1,de fadinga,. As an example, consider a four-path channel,

of the best signal point depends on the ISI and the transmissj@, 7, = 4 in (3). The received signal at thiéh symbol in-
information symbol, which determines the decision region. {fpval is

the decision region i, they-coordinate is
3

y=L. (10) ri= Y i, + i (13)

n=0

Otherwise, if the decision region is chosen(asthe y-coordi-

nate depends on the position of the ISI. Without loss of gendtern/4-QPSK, the symbol sequenfel, 00, 10, 00, 10, 11, 01,
ality, assumed = 1. This requires thal. € (v/2/2, 4/5]. The 00, 01, 11, 01, 11, Z0can be chosen as the training sequence,
y-coordinate is corresponding to the phase sequefiegbn /4, 0, 5r/4, 0,7 /4,

m, 5r/4, 7, 7 /4, =, w /4, O}. Similarly, for MSK, the symbol

—L ff yr €10, 1-1L) sequencel, 1,1,0,1,1,1,1,0,0, 1, 0}Ccan be chosen
_Jyr—1, ifyr el -L, L) (11) as the training sequence, corresponding to the phase sequence
Yy yp+1, ifyp €[L, 3L —1) {7r/.2,.7r., 3r/2,m, 3rr/2, 0,7r/2,_7r, 7/2,0,7/2,0, 3r/2} with
31, it yo € 31— 1, 2L). the initial phase (foi = 0) being set at zero. As a result, the

amplitude fading of the first path can be estimated as
After passing through the multipath channel, the received
symbol is detected by coherent demodulation. To recover the . |ratrs|+ s+l +
transmitted information symbol, the decoder at the demodulator 0 6
applies the same modula:2rithmetic operation on the received ) o )
symbol such that both the real and imaginary parts of the symigierecy follows a Gaussian distribution with meaf, and
are in the rangd—L, L]. If 4; is even, the decision deviceVar'a”Fesf;/3- In general, for atV,-path channel, we can obtain
determines that the phase represented;tig r/2, and—z/2 an esnmated»?o, which is Qausa_an distributed with meaay,
otherwise. The phase difference between successive symbof¥1d variancé; /i for | > 2, if atraining sequence 6 + N> —1

then found, and the transmitted information symbol is estimate®/Mbols is sent. The accuracy of the estimation increases with
the length of the training sequence.

D. First Path Fading Estimation Since the effect of first path fading is cancelled at the receiver,
In developing the new precoding schemes, it is assumed t eEcompensation factor/L, can be avoided at the transmitter.

the first path of the multipath fading channel does not experiencg a result_, the transmitted sympol amplltude_ can be kept con-
fading, i.e..ho = 1. However, the assumption is not valid inStanteven in the case that the main path experiences deep fading,
romno ) ' and the precoder stability can be achieved.

reality. Forhg = age’?0, the estimated ISI is normalized with
respect taxg and the normalized ISI is used in the precoding

5 + r13]

(14)

scheme. Therefore, (4) corresponds to IV. THEORETICAL PERFORMANCEANALYSIS
Performance analysis of the newly proposed precoding
Qo Qo Qo
Qp(r,y) =Q (E ‘”) +Q <5_n (2L~ ”3)> +Q (E y) schemes is carried out under the following assumptions.
o o o 1) The channel has two propagation paths (= 2) with
+Q (5_ (2L - ?/)) -Q (E 33) Q (5_ y) the delay difference equal . The first path experiences
a" o ’ K Rician fading or Rayleigh fading, and the second path
-Q (5—0 L) Q (6_0 (2L — y)) experiences Rayleigh fading.
n n 2) The precoder has accurate channel information such that
-Q (@ (2L — w)) Q (@ y> the estl_mat_ed ISl is accurate. _
oy oy 3) The noise introduced by the channel is AWGN, and the
Qg @ message symbols are equiprobable.
-Q (E (2L - J“)> Q <_n (2L - y)> - (12) 4) The first path fading estimation at the receiver is accurate.
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5) The transmitter has an accurate estimate of the additive?) MSK: Correct detection is achieved if the absolute phases
noise power in the /4-QPSK precoding, which is neces-of the current symbol and previous symbol are correctly de-
sary to find the best signal point. tected or if both the phases are incorrectly detected and the

For a slow fading channel, the channel response is approghase change is correct. Each information symbol “0” or “1”

mately time-invariant over one data frame. Therefargf) ~ corresponds to an MSK symbol phaggor 1, wherefly = 0

a0, a1 (t) = ay, ¢o(t) = ¢o, b1(t) ~ $1, Whereag, ai, ¢, andpy = = for an even-numbered symbol, apd = —7/2
and¢; are random variables. Then, tite received symbol in andg; = /2 for an odd-number symbol, given that the initial
the frame is symbol phase is zero. Létandd; € {3y, (1} be the correct ab-
solute phase and detected absolute phase aththteansmitted
ri =gzt + il | symbol, P; be the conditional probability of; = 3;, 7 = 0
i (bo+vi (b1 i or 1, given thatd; = fy. It can be shown [23] that the proba-
=4 [a061(¢ 10+ a0 )] : (15) bility of correct detection’. is P. = P§ + P}. Different from

7 /4-QPSK, the coordinates of the best signal point can be ex-
Without loss of generality, assumie= 1 andL € (v2/2,4/5]. pressed as functions of the truncated ISI, as given in (11) and
The ISIisI; = ayel(®1+7-1). Sinceg, is uniformly distributed (12). Therefore, the exact value of the error probability can be
over [0, 2r] for the Rayleigh faded path, the combined phasgalculated. Giveny, and the truncated ISk, y;/), the con-

(¢1 + vi—1) is also uniformly distributed over [0,7. As a1 ditional probability of correct detection is
is Rayleigh distributed, the ISI can be split into independent

Gaussian distributed in-phase and quadrature components. If the p o ) = P2 4 p2 )
portion of power carried by the second pathd$ &vhich is also oty Olao, (@rroyr) T Lleo, (@1, yrr)

the variance because of the zero mean), the probability densi i, - .
functions for the truncated ISI componeni; andYy, after %We conditional probabilities are independentagf, as the

modulo-arithmetic operation and normalizing the ISI with e x-coordinate does not affect the detection decision in the pro-
spect to the amplitude fading of the first path are posed precodings, can be represented by decision regién

orC. If both cases are equally likely, from (17), the conditional
] probability of error can be expressed as

17)

(oo}

2 2
ag af(2ul 4+ x7))
o] xrr ) = —— ex —_——
f:\jl 0( I) \/ﬂ&g E p|: 26%

=— _ 1 2
e Pejag,yy =11 I:(P1|B7a07y1/ + Piic, a0, ;1)

zp € [0, 2L

Qg | = ) ad(2vL + y3) + (PO\B,do,yﬂ + Dyje, no,yﬂ)z} - (18)
fY,/|a0 (yI') = == Z €xXp |:_0—21/:| )

yir € [0, 2L). (16) For a given best signal poit, y), =, y € [0, 2L), the proba-

bility of wrong detection is

1) n/4-QPSK: Given the amplitude fading, and the best

signal pointb; = (z, y), the conditional probability of error Q,,(y) ~ Q(ﬁ (2L — y)) — Q(ﬁ (4L — y))
P,|a,, 2,y Can be calculated using the same approach as that by by

el : . S i ) o o
givenin[14]. Tr/1e blest signal p0|nt/|n g/eneral is afunc/tlonlof the 1 Q (_ (61 — y)) Q <_0 (8L — y)>
truncated IS(z7, y). Letz = fi(z%, y7) andy = fa(z7, yr) 6 by

denote the relation between the best signal point and the trun- Qo Qo

cated ISI; then the probability of error is + Q( by (y )> N Q<5_ (2L +y)

oo [ 2L 2L +Q< (4L + )) Q<%(6L+ )> (19)
:/0 [/0 /0 Pe\“o,fl,fzfXH(yO Y 67] y

Given that the decision region I3 and giver, from (10), the
(@) fy 1100 (Y1) day dy}‘| fr(ap)dag conditional probability of error is

wherefz(-) is the probability density function of the first path PiiB, oy = Qu(L). (20)

amplitude fading. Because the best signal pointis determined by

the Q function and the phase shift, it is very difficult to obtain©O the other hand, given decision regi@na, and the position
the functionsf; (-) andf-(-) to analytically describe the relation ©f the truncated ISI, from (11), the error probability is given by
between the best signal point and the truncated ISI. As a result,

the exact probability of error is difficult to calculate. However, Qu (L), ifyr €[0,1-1)

if we relax the constraint on the phase change between the adja- Quyr —1+2L), ifype[1-1L, L)
cent precoded §ynjbols an_d _ch_opse the best si_g_nal point simplC; o,y = Ounlyp +1—2L), if yp €[L, 3L —1)
based on the criterion of minimizing the probability of error, we )

obtain a lower bound of transmission error. The lower bound Qu (L), ifyr € [BL -1, 2L).

can be evaluated in the same way as that given in [14]. (21)
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As a result, given, the error probability is 10 . ‘ ; ; .
solid line: analytical (lower bound) —— k=-=dB
dotted line: simulation —— k=0dB

L 2 —— k=5dB
_ 1 ke :
Pejag= / {1 -1 |:(P1|B,ozo + PiiCag,y,€[0,1-L)) T v — k=10dB ||
0 >

2
+ (PoiB,ao + PoiCya0,y, €0,1-1)) } }fY,,\ao(?JI/) dyr
L
+ / {1 - [i (P11Bao + Pi|Cya0,y, e(1-L,1))
1-L
2
+ (PO|B,a0 +PO|C,a0,yI/e[1—L,L)) } }fYI/|ao(yI’) dyr

3L—-1
+ / {1-[4(Pipas + Pricanuezor—)
L

2

2

+ (Po) B, +Po|c,a0,y,,e[L,3L—1))2]}fy,,|a0 (yr) dyr

2L
1 2 10 1 1 Il 1 L
+ / {1 - [Z(PUB,QO + PiC.ao pr €381 -1.2L)) 10 15 20 %) 30 35 40
J3p—1 Yo

2
+ (POIB,ozo +P0|C;ao7y1/ €[3L—1;2L)) }}fYI, |ao (yr)dyr Fig. 8. Simulation results and analytical lower bounds for BER t4-QPSK
(22) using the precoder.

where 10° T T T T
symbol: simulation result : tza(TBdB
line: analytical result =
PyB oy =1 = P1iB,a, o k=5dB
107" o k=10dB ||

PO]C, a0, Y 1- P1|C, g, Yt

Finally, the error probability is

P [ Py ntao) deo. (23)
J0

V. NUMERICAL RESULTS AND DISCUSSION

This section presents the performance of the newly propos
precoding schemes based on the theoretical analysis givet ) , ) , ,
Section IV and based on computer simulation. As the precod 10 15 20 + B) 30 35 40
MSK signal has a constant envelope, the main performance ®
measures of interest are BER for bothi4-QPSK and MSK' Fig. 9. simulation and analytical results for BER of MSK using the precoder.
and envelope variations far/4-QPSK with bandpass filtering.

In the simulation, the same assumptions as those in perfor-

mance analysis are made, unless otherwise stated. The BE§iNG of the first path is simulated by adding a time-invariant
performance is evaluated for various values of khiactor of -OS component to a Rayleigh distributed diffusive component.
the first path Rician fading, defined as the ratio of the averafdS @ssumed that both the precoder and the DFE have accurate
power carried by the LOS component to that carried by terannel information, except when we investigate the effect of

diffused component of the first path, and various values of tfESt Path estimation error on the performance of the precoded
received signal-to-noise ratio per bif, defined as the ratio of SYStem-

the ensemble average of the received signal power per bit frgm
both paths to the variance of the input Gaussian noise. Thée Effects of thé:-Factor

average power carried by the diffused component of the firstFigs. 8 and 9 show BER versug, for =/4-QPSK and
path and that of the second path are assumed to be the sa¥ieK, respectively, using the precoding schemes whenkthe
The transmitted signal amplitudé is one and the precodingValue varies. Both the analytical BER and the corresponding
parameted. is 0.75. The value of;, is changed by changing theSimulation results are given. The following observations can
variance of the additive zero-mean Gaussian noise compon&g made.

The relative weighting factow = 16 is used. The diffusive 1) For MSK, the analytical results match well with the sim-
component with Rayleigh distributed amplitude fading is sim- ulation results. Forr /4-QPSK, the simulation results de-
ulated using the “sum of sine waves” method [25]. The Rician  viate from the analytical lower bound @sincreases. The

o
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10° 10°
solid line: precoding —— k=—dB solid line: precoding —*— k=-co dB
dotted line: DFE —— k=0dB dotted line: DFE —— k=0 dB
—— k=5dB —— k=5dB
—— k=10dB —o—

10 15 20 25 30 35 40 25 30 40
Y, (dB) v, (@B)

Fig. 10. Simulation results for BER of /4-QPSK using the precoder andFig. 11. Simulation results for BER of MSK using the precoder and DFE,
DFE, respectively. respectively.

difference between the analytical bounds and the simula-  undergoes deep fading, the decision device is likely to
tion results is caused by the phase change constraintim- make bursts of decision errors. Asincreases, the con-
posed in the precoding. As a result, the effect of the phase ~ stant component of the first path gets stronger and the
change constraint on degrading the transmission accuracy noise effect is reduced.
increases when the effect of the channel additive Gaussianf the accurate channel information is available to the DFE
noise decreases. and if the transmission system does not employ channel coding,
2) Whenk increases from-oco to 0 dB, the performance im- using the DFE at the portable unit receiver should be preferred
proves only slightly. This is because the first path undete using the precoder, as the better transmission accuracy
goes deep fading at a sméalalue. The reduced decisioncan be obtained without a significant increase of the receiver
regions with side of @, L in the precoding are very small, complexity. However, with channel coding, if the functions of
and the noise effect becomes significant. the DFE and the Viterbi decoder are decoupled at the receiver
3) Whenk increases from 5 to 10 dB, the performance ifor implementation simplicity, the transmission accuracy can
improved significantly. At a largé value, it is unlikely be deteriorated significantly due to the unreliable zero-delay
for the first path to experience deep fading. The decisiafecisions (required by the DFE) in Viterbi decoder and due
regions are larger so that the effect of noise is reducedto the inherent error propagation of the DFE. As a result,
4) The phase change constraint in the precoding results imgith channel coding and Viterbi decoding, the precoder is

error floor forr /4-QPSK atc = 10 dB. expected to be a preferred choice if the receiver complexity is a
main concern. Further research is necessary to investigate the
B. Comparison With DFE tradeoff between the receiver complexity and the transmission

Consider a DFE consisting of a three-tap feedforward filtéccuracy.
and a two-tap feedback filter. For a fair comparison, the DFE ta
coefficients are always adjusted to their optimal values under the
assumption that the receiver has accurate channel informatiorfig. 12 shows the BER performance when the receiver es-
Figs. 10 and 11 show the computer simulation results of the BERates the first path amplitude fading, from a training se-
performance when using the DFE fay4-QPSK and MSK, quence of length = 4,19,37,162, andoo (i.e., no estimation
respectively. For comparison, the corresponding BER curvesor), respectively, for both precoded MSK anf4-QPSK in
when using the precoder are also plotted in the figures. The fal-Rayleigh fading environmenk (= —oo dB), under the as-

Effect of First Path Estimation Error at the Receiver

lowing can be observed. sumption that the first path phase distortignis accurately es-
1) The DFE outperforms the precoders, especially at a largf@ated and compensated for at the base-station transmitter. It
K value (such as = 10 dB), because the reduceds observed that

decision regions and the phase change constraint in thel) as expected, the longer the training sequence, the better
precoding severely degrade the performance of the pre- the BER performance with the more accurate estimation
coders. of the first path fading;

2) At a smallk value, the performance improvement of the 2) for the same training sequence length, the estimation
DFE over the precoder is not significant, mainly duetothe  error has more impact on the BER performanceyas
error propagation problem of the DFE. When the channel  increases.
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10 . ‘ . . : TABLE |
solid line: 7/4-QPSK ENVELOPE VARIATIONS (IN dB) OF 7/4-QPSK WTH SQUARE-ROOT

—— | =4
—— =19
dotted line: MSK —— 1=37 RAISED COSINE FILTERING
o 1=162
- = a,s | standard 7 /4-QPSK | precoded 7/4-QPSK

0.35 -10.9 -13.8
0.5 -11.1 -14.1
0.7 -11.2 -14.3

of the precoding schemes needs to meet the phase change con-
straints. At a largey,, the phase change constraint is the domi-
nant factor in determining the best signal point, and a point very
close to the decision region boundaries can be chosen (as the

: . additive noise component is very small). In this case, a small
10 . . ‘ ‘T phase estimation error is very likely to result in a signal detec-
10 15 20 30 35 40 tion error.

25
1, (d8)

Fig. 12_. _ BER when using precoders and the estimatgdt the receiver from D. EnveIOpe Variations 07f/4'QPSK
the training sequences of different lengthsfoe —oc dB. To study the envelope variations, we generate the transmitted
signal after the transmitter filter by simulating the transmitter

equivalently at baseband using Matlab Simulink software
10 : :

ol lne: 24 QPSK o 020 (deg) pa_lckage. The m—phgse and quadrature components of the trans-

sotted I ' MSK —— o =1 (deg) mitted symbol are first converted to twi-spaced rectangular

ored ine: e ngzgzg; waveforms, respectively. Each of the waveforms is first applied
iy 22212901 to a sinc filter for sinc compensation and then applied to a

square-root raised-cosine filter for the baseband pulse shaping
[26], with the rolloff factorsc«,; being 0.35, 0.5, and 0.7,
respectively. The filtered in-phase and quadrature components
are sampled, and the sampling interval is 1/10 of the symbol
interval. Letz;, and z;, denote thejth sampled in-phase
and quadrature components after filtering, respectively. The
envelope of thgith sample is; = ,/5:?1 + 5:?@. The average
envelope magnitude is always normalized to one, and the
envelope variatior; is defined as

10 L L L I !

10 15 20 2(38) 9
T (e;—1)

J

30 35 40 J
Jj=1

V. 210 x logy, (24)

Fig. 13. BER fork = —co dB when using precoders and the estimation error
of ¢, is Gaussian distributed with zero mean and standard deviation

At a large+y, value, the effect of noise is relatively minor andn dB, where.J is the number of samples.
the first path estimation error has a dominant effect on the BERTable | gives the envelope variations in dB of 1) filtered
degradation. standardw/4-QPSK signal and 2) filteredr/4-QPSK pre-
Fig. 13 shows the BER performance with accurate estimateaufded signal over the two-path channel with = 0 dB
the first path amplitude fading for botty4-QPSK and MSK at andv, = 40 dB. The envelope variations of the precoded
k = —oo dB, under the assumption that the first path phase dis/4-QPSK signal are smaller than those of the standard
tortion ¢, is estimated (at the base-station transmitter) with ary4-QPSK signal. During the simulation, it is observed that
error that is Gaussian distributed with zero mean and stand#nd probability of the phase change close to (but not equal to)
deviation ¢) of 1°, 3°, and %, respectively. For comparison,« in the precoding decreases @sincreases. For example, at
the results with an accuratg estimation are also given in thek = 0 dB, the probability of the phase change inr[3, 5 /4]
figure. It is observed that the precoding schemes are quite sdaceases from 0.19 g = 10 dB to 0.04 aty, = 40 dB.
sitive to the phase estimation error. In particular, the estimati@n the other hand, in the standard4-QPSK, both the phase
error leads to a BER floor. As, increases to a certain value changes of 8/4 and 5r /4 always have a probability of 0.25 to
further increase of;, may actually increase BER when there i@ccur. The phase change constraint, with= 16 in (7), in the
a phase estimation error. This is because the best signal ppirgicoding indeed reduces the envelope fluctuations.
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Fig. 15. Power spectral density of thg4-QPSK signals (at baseband) after
Fig. 14. Power spectral density of the/4-QPSK signals (at baseband)the square-root raised cosine filtering with the rolloff factor, = 0.35, with
without the filtering, with transmission rate of 2.4310* symbols/s. transmission rate of 2.48 10' symbols/s.

Figs. 14 and 15 plot the power spectral density (PSD) of ti# the PSD depends on the channel fading and time dispersion
standardr/4-QPSK and precoded/4-QPSK signals without conditions.
filtering and with the square-root raised cosine filtena =
0.35, respectively, wherk = 0 dB,~; = 40 dB, and the symbol VI. CONCLUSION
interval isT = 4.116 x 10~® s, corresponding to a transmis-
sion symbol rate of 2.48 10* symbols/s. It is observed that
the PSD of the precoded/4-QPSK signal is very close to that

) ) for MSK, have been developed for frequency-selective slow
of the standard/4-QPSK signal, except that the side lobes qf, jing channels, such as in indoor wireless communications.

the precoded signal are slightly lower than those of the standaigh, precoding schemes are intended to be used in high-rate
signal. With the filtering, from Fig. 15 and the power spectrafp\a/TDD radio systems where ISI degrades transmission
densities fora,; = 0.5 and0.7, it is observed that, as,;  performance significantly. Under the condition that the channel
decreases, the bandwidth cutoff edge becomes shaper anct4hgs slowly, the estimated channel information obtained
main lobe is more severely distorted. Consequently, envelo@gm the receiver in the reverse link is used to perform signal
fluctuations increase as the rolloff factor decreases. As the ppgecoding in the transmitter in the forward link. Based on the
coder suppresses the side lobes of the PSD, the envelope \@hcept of signal space dimension partitioning, the precoders
ations of the precoded signals remain limited even though tpeedistort only the phase of the transmitted symbol and keep
side lobes are removed by the square-root raised cosine filtehg transmitted symbol amplitude constant. To achieve small
Extensive simulation/experiment on the PSD of the precodedvelope variations, phase shifts between successive symbols
signals should be carried out for various fading environmentse limited. Inr/4-QPSK precoding, BER is sacrificed to avoid

Two new precoding schemes, one with small envelope
variations forr /4-QPSK and the other with constant envelope
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the phase changes close to or equatin In MSK precoding, [13]
phase continuity is maintained at any time moment to maintain

a constant envelope. The advantages of using the proposg_q]
precoding schemes are that

1) the effect of channel propagation time dispersion Ohy5
transmission accuracy degradation is reduced without
increasing the complexity of the portable unit receiver;

2) stability of precoders can be ensured even in preequaﬂe]
izing a nonminimum-phase fading channel; [17]

3) envelope variations of transmitted signals are small in the
7 /4-QPSK precoding and are eliminated in the MSK pre—[
coding, and the use of a power-efficient nonlinear ampli-
fier does not introduce significant nonlinear distortion.  [19]

To continue this research, channel coding should be con-

sidered. Powerful coded modulation technigues with a Viterbf20]
decoder can be combined directly with the precoding to furthe
improve the system performance [8], [9]. This can be achieve
without a significant complexity increase of the portable unit,[22]
as the channel equalization function is decoupled from the
Viterbi decoding process at the receiver. With channel coding,
the tradeoff on transmission accuracy and system complexitig3]
between the precoding system and the DFE system needs
further investigation.
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