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Phase Precoding for Frequency-Selective
Rayleigh and Rician Slowly Fading Channels

Weihua ZhuangMember, IEEE,and W. Vincent Huang

Abstract—This paper presents a novel phase precoding (pre- coding with the DFE may not perform well because zero
equalization) technique to equalize frequency-selective Rayleigh delay decisions in coded system are not sufficiently reliable
and Rician slowly fading channels for personal communication for decision feedback. The problem can be solved at the

systems using phase modulation. In order to achieve intersymbol f . lexit h . llel decisi
interference (I1S1)-free transmission, the precoding technique pre- expense ot recelver complexity, such as using parallel aecision

distorts the signal transmitted from a base station to a portable feedback decoding (PDFD) [2] and [3]. The PDFD technique
unit. The novelty of the technique lies in using a spiral curve implements a DFE and a Viterbi decoder in one structure
design: 1) ItO ensure the stability of the precpder evenin equaII_ZIng for coded modulation in order to m|t|gate error propagation
a non minimum-phase channel; 2) to obtain an ISl-free received ottt of DFE and to achieve better transmission performance

signal; and 3) to keep a constant transmitted signal amplitude. . - )
Using the precoder can improve the bit-error-rate (BER) trans- than the corresponding uncoded modulation with DFE. It

mission performance without increasing the complexity of the USes a unique sequence of decisions for each state in the
portable unit receiver. The BER performance of coherent quadra-  trellis, rather than using only one sequence of decisions in
ture phase-shift-keying (QPSK) with the channel pre-equalization the feedback path of the DFE. These feedback sequences are

is analyzed theoretically for both Rayleigh and Rician fading : ) o
channels. Analytical and simulation results demonstrate that based on the history of each state’s surviving path. As a result,

coherent QPSK using the proposed channel precoder has ainst('aad of cqlgulating metrics with one rece'ived 'sample.per
significantly lower BER than that using a conventional decision- trellis stage, it is necessary to calculate metrics with a unique
feedback equalizer (DFE) because the precoder does not sufferdecision feedback sample for each state at that stage. Such

from error propagation. approaches are in conflict with desirable characteristics of
Index Terms— Channel precoding, equalization, frequency- portable units of low-power personal communication systems.
selective fading, personal communications. A key requirement for such systems is the availability of

compact light hand-held portable voice and data units. Portable
units are battery-powered and have stringent power and size

. ) . . constraints. On the other hand, the constraints are not so severe
I N A TYPICAL indoor wireless environment, a transmitted,, i, pase stations. The consideration leads to the approach

signal ofter_1 reaches a receiver via more than one pq}hmoving channel equalization functions from the receivers
due to reflection, refraction, and scattering of radio wave§ noraple units to the transmitters of base stations, so that
by structures '”5'9'9 a b_undlng. This results in a phenomen% portable units can be relieved from equalization tasks.
knqwn as tlr_ne-d|spe_r5|ve (or frequency-selectwe) multlpath If the channel characteristics are known to the transmitter,
fading. The indoor ereless ghannel |s"usually CharaCte”Z,%ﬂannel precoding (or pre-equalization) at the base station
by amplitude fluctu_atlon_, carner phas_e Jiter, and propagation,.,mes possible for the forward link (transmission from the
delay sprgad. In hlgh-p|t-rate transmission, .the delay ;preggse station to the portable unit). Unlike a DFE, in which
results in intersymbol interference (I1SI), which dramaucall;é” equalization takes place at the receiver, precoding is a

mcrleasesllth(i_ tra?sn;1|s§|on bg errotr) rate (BER) d[l]l' Sgi’r' nsmitter technique. Ideally, the transfer function of the
eral equalization techniques have been proposed tor coder is the inverse of the channel transfer function. When

transmitter and receiver using linear or nonlinear filters Qe fading channel is not minimum-phase, the inverse of the

achieve ISI cancellation [2]-[8]. Of all the receiver equal(':hannel transfer function is unstable, which means that we

ization techniques, the decision-feedback equalizer (DFE)C'gnnot have a linear and stable channel precoder. Nonlinear

the most popular nonlinear equalizer for severe fading Cha(.l;]peration is necessary to achieve the precoder stability. The

nels. However, when coded modulation is used to furthe

improve svstem performance. the obvious combination n}ain challenge in designing a nonlinear channel precoder is
P y P ' 90, simultaneously: 1) ensure the stability of the precoder

Manuscript received December 1, 1994; revised October 12, 1995 a%ge_n in equalizing a nor_lmlnlm_um-phase fading channel; 2)
February 15, 1996. This paper was presented in part at the 1995 IEBEhieve an ISI-free received signal; and 3) keep a constant
Vehicular Technology Conference (VTC '95), Chicago, IL, July 26-28, 199%ransmitted signal amplitude in a system using phase mod-
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Fig. 1. Functional block diagram of the system model.

arithmetic operation to guarantee the stability of the precodesed. Section Il discusses the principle and operation of the
This precoding technique cannot be directly applied to timeonlinear phase precoding. Section IV presents the theoretical
varying fading channels where amplitude fading causes seri®ER preformance analysis of coherent quadrature phase-shift
errors in retrieving the original amplitude information at th&eying (QPSK) using the channel precoder in Rayleigh and

receiver, due to the corresponding modulo-arithmetic redugician fading channels. In Section V, numerical analysis and

tion. Furthermore, the TH precoding predistorts the transmitté@mputer simulation results are given to demonstrate the BER
signal amplitude, which is undesirable for phase modulatigi¢rformance improvement of coherent QPSK achieved by

with constant amplitude. The phase modulation is usually prsing the channel precoder over that using a conventional DFE.
ferred in personal communication systems due to its frequerfepnclusions of this work are given in Section VI.

spectral efficiency and allowing the use of a power efficient

nonlinear amplifier. Recently, an adaptive channel precoding I
technique has been proposed for phase modulation over a. _ )
slowly fading channel, which predistorts both the carrier phase™19- 1 shows the proposed functional block diagram of an
and amplitude of the transmitted signal by using feedforwafgdo0r Wireless communication system, which consists of one
and feedback linear filters and a nonlinear switchable del3§S¢ Station and one portable unit for simplicity. The system

device [7]. An automatic gain control (AGC) unit is used in th%ig?srs)fs dl';;ﬂ:xt'(r_:_]gg)'vgﬁgmrguI:fﬁ:fg\?:;é}?gﬁlrgr?ﬁé
adaptive precoder to achieve a constant amplitude, which als i e .
P P b rtable unit to the base station, a DFE is used to reduce the ISI

introduces nonlinear distortion to the precoded transmissiBg o : . . ;
. ) o ... resulting from the time-dispersive fading channel. The channel
signal and results in channel equalization errors. In addition, .. : X

estimator estimates the channel impulse response based on

since a feedforward transversal linear filter is used in ﬂfﬁe tap coefficients of the DFE. In a TDD scheme, both

precoder to pre-.equalize anqnminimum-phase channel, a | Kvard link and reverse link share the same radio channel
number of taps is necessary in order to combaj[ IS| complgte using different time slots. If the channel impulse response
A new channel precoding approach has been introduced in ri?

i ) ime-invariant, i.e., the channel can be modeled as a linear
for phase modulation that can overcome the dlsadvantage% e-invariant system, then the RF links “are reciprocal” (in
the adaptive precoder proposed in [7].

‘ _both directions) according to the reciprocity theorem applied
In this paper, we further develop and analyze the precodifg 4 gjation patterns and linear systems [10]. In the case that

technique initially presented in [8]. The technique uses ge radio channel impulse response is time-variant, if the
unique spiral curve design to precode only the carrier phaSgannel fades so slowly that the channel characteristics are
in order to achieve an ISl-free received signal. As a resulfyroximately invariant over the time interval of two adjacent
the predistorted signal to be transmitted still has a constafita frames for the forward and reverse links respectively, then
amplitude, which permits the use of a power efficient noRne RF links are reciprocal over the time interval of the two
linear amplifier without causing undue nonlinear distortiogdjacent data frames (one for transmission over the forward
and maintains the spectral efficiency of phase modulatiQRk and the other for the reverse link). As a result, the channel
with a constant amplitude. The channel precoder is differeiaformation estimated in one link can be used for precoding
from DFE in the sense that it is a transmitter equalizatiasver the other link. Since the simplicity of the portable unit
technique so that it does not suffer from the error propagati@gna major concern in the system design, Fig. 1 shows that
(which is inherent to the DFE). Since no decision feedbacktise channel information estimated in the reverse link is used
necessary when using the channel precoding, powerful codinghe precoder at the base station transmitter to pre-equalize
techniques with a Viterbi decoder [9] can be used in the syhe signal transmitted in the forward link. With the channel
tem to further improve the transmission performance withoptecoding, the signal received at the portable unit is ISI free.
significantly increasing the complexity of portable units. Th8ince all the channel equalization functions are performed at
remainder of this paper is organized as follows. Section the base station, the simplicity of the portable unit can be
describes the system model where the channel precodepligained.

. SYSTEM DESCRIPTION
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As to the indoor radio fading channel, different propagation
time delays of various propagation paths result in that two
received signal components of different frequencies have in-
dependent statistical properties if the frequency separation is
large enough. The maximum frequency difference for which
the signals are still strongly correlated is called the coherence s
bandwidth of the radio fading channel [11]. In high-bit- i B
rate transmission, when the transmitted signal bandwidth is L [
larger than the coherence bandwidth of the fading channel, -
the channel exhibits frequency-selective fading. The fading m;
channel can be described by its baseband complex impulse
response [12] Y

Im

L

h(t) = at)e* st — ) (1)

=0

. . Fig. 2. Subtraction of the calculated ISI.
where L + 1 is the total number of the propagation paths

with distinguishable propagation delaysy(t) is Rayleigh o .
distributed amplitude fading for the first path if there is n§€re can be extended to the situation where the delayﬂdﬂ‘fer-
line-of-sight (LOS) component, Rician if there ig(t) is the ences are a fraction of_a symbol interval. The ISI component _
carrier phase jitter of the first path with a uniform distributiofS known to the transmitter based on the channel characteristics
over [—m, +x] for Rayleigh fading and a nonuniform for"{‘”d previously tran_smltteq S|gn.als. If there is no fading on the
Rician fading;a;(¢)(I > 0) is Rayleigh distributed amplitude first path, the received signal is
fading andy;(¢)(I > 0) is uniformly distributed (ovef—m, 7])
carrier phase jitter for the¢! + 1)th path; and arrival time
n(l=0,1,2,---, L) forms a Poisson process.
Phase-shift-keying (PSK) is considered as the modulation

;sggleon\:eerior th‘eTS}/;temT.fohlg:(e)rTrn;astlc(;:eslgnrilbtgl ?ﬁtérr?/glsm\}&herem and ¢; are the received signal amplitude and phase,
is given b§ [T, < + 17 ( y ) respectivelyyi; is equivalent complex additive white Gaussian

noise (AWGN) at baseband with zero mean and vari@ace

T = My + U+
A 4 apedVt + i,

7 cIdi (6)
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3i(t) = A cos(w.t + ;) 2
[lIl. NONLINEAR PHASE PRECODING
where A is the constant amplitude; is the carrier phase

carrying the transmitted information, and. is the radian A  Minimum-Phase Channel
radio frequency. The signa;(t) can be simplified to its

complex-valued envelope denoted as In the case that the ISI energy; is smaller than the

transmitted signal energy.., i.e., Sy < S, the corresponding
5 = Aelfi, (3) channel transfer function has all zeros inside the unit circle on
the z-plane (minimum-phase condition). For the minimum-
After precoding, the actual transmitted signal with the sanihase channel, one possible approach to cancel the ISI is
constant amplitude is illustrated in Fig. 2. The precoded signal is defined on the
= Aedt @) circle gentere_d at the origin with radiu4 in_order for the _
¢ transmitted signal to have a constant amplitude. The goal is

whereb; is the carrier phase after predistortion. The ISI due #§ achieve an ISI-free received signal, ig;,= j3;. Although

the fading channel in the received signal, oves [iT’, iT+1], the received signal amplitude affects the received signal-to-
is noise ratio (SNR), it is not directly used in phase detection.

Only the received signal phasg; is a major concern in
detecting the signal. In order to have = f3;, the received
signal should be on the linkg. To achieve this, we first offset

[, to I, by —i;. By finding the point wheré, intersects the
ag(t)ei® (1) fpiti-t c@rcle center_ed at the origin with radius equal t(_) the tr_ansmitted
7 signal amplitude4, we can obtain the transmitted signa};
with constant amplitudel and, at the same time, achieve the
ISI-free received signalif = m; + ;).

a(t)ed Om,_,

™=

—
T

=1

I
M=

l

- (5)

where a; and ¢y are the amplitude and phase of the ISI o

respectively. In (5), the propagation delay differences amofy Nonminimum-Phase Channel

the multiple paths are assumed to be integer multiples of thewhen the ISI energyS; is larger than the transmitted
symbol intervalT. However, the phase precoding discussesignal energys,, i.e., St > S,, the corresponding channel
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transfer function may have zeros outside the unit circle on the

z-plane (nonminimum-phase condition). For a nonminimum- o _I_I?\

phase channel, the amplitude of ISI exceeds the signal ampli- P ISI Cigele

tude, an intersection betweénand the circle cannot be found, kA .

which means that we cannot transmit a predistorted signal with // i = X \\

constant amplituded to combat the ISI completely. A new s . N

approach has to be developed to cancel the ISI. Sy AL \\\ oY R
In the above precoding scheme, the receiver makes use of : ' VA A o N e

only the carrier phase of the received signal to detect the Vo ﬁ ] /Z /2A /

transmitted information, which is a general approach to detect- \\ N T S -

ing PSK signals. In the case of a nonminimum-phase fading N \\\_“ Pt r=A(1+Bi'_¢)

channel, a precoded signal does not exist if it is required, e Cn

simultaneously, that: 1) the precoded signal has constant B

amplitude 4; 2) the transmitted information can be correctly

detected by only the phase of the received signal; and 3) I1SI- _ _ _ _ _

free transmission is achieved. In order to solve the problem, Wd 3 Using IS! circle to find the transmitted signal.

first analyze the situation to find out if there is any additional

information that we can make use of in the precoding @. The received signal is an intersection point of the ISI circle
detection. Since the channel characteristics are unknown to #mel the spiral curve, so that the relation between the amplitude
receiver of the portable unit, the only additional informatioand phase of the received signal is defined by (7). Once the
available to the receiver is the amplitude of the receivadceived signal is determined, we can obtain the predistorted
signal. In the above precoding scheme, the received signakignal at the transmitter by subtractinge’’ from r;e/®::
constrained on the one-dimensional (1-D) space (thellimne ' ' .

Fig. 2) defined by the information carrier phagebecause the A% = el — agelVr, )
receiver uses only the received signal carrier phase to detect ] ) ) ]

the transmitted information. If the receiver can make use 6f the receiver, the spiral curve is determined from the
both the amplitude and carrier phase of the received signal@fPlituder; and carrier phase; of the received signal, with
detecting the transmitted information, then we should be atftePredetermined constant (characterizing the spiral curve)

to relax the constraint on the received signal [or, equivalentl§oWn to the receiver. The carrier phasgcan be detected

the requirement 2)]. In other words, we can extend the #ccording to
D received signal space to a two-dimensional (2-D) received R 5
signal space. In this way, we should have more freedom in Bi= ¢i+ (Z - 1) Cr (10)
the design of the precoding scheme. In order for the receiver ) )
to be able to make use of both received signal amplitude afyich is the angle of the point on the spiral curve where
phase for detection, we need to establish a relationship betwéer - All received signals are on the spiral curves with
the amplitude and phase. One example of the 2-D recei/diferent initial angles depending on the value/df _
signal space is a spiral curve, which has exactly the required the first path signal experiences channel fading with a
characteristic, as shown in Fig. 3. The spiral curve can G8MPIex gaimge’*, the effect ofage’* should be taken into
viewed as a generalization of the libein Fig. 2. Using polar &ccount in obtaining the predistorted ph#seThe radius of
coordinates(r, ¢), the spiral curve can be described by the ISI circle should bg changed frarto ag A; furthermore,
the center of the ISI circle should be rotated by an anfgje
. A<1 n Bi — d))' ) with respect to the spiral curve. This is equivalent to keeping
Cn the ISI circle unchanged but modifying the spiral curve at the
precoder. In order to combat the carrier phase jittgof the

Th.e spiral curve Is characteri_zed by two parametqﬁ,s_(ﬁrst path fading, the spiral curve should be rotated by an angle
C): the carrier phased; determines the gngle of thg po'”t_%; because of the amplitude fading, the distanceD, of
atr N A on the curve, and” dgtermlnes the d'Sta.ncethe spiral curve should be scaled proportionallyltg/ag. As
D,( = 2A/C) between any two points on the curve with & rogyit the spiral curve (7) becomes

27 phase difference. In order to transmit the signal with a

constant amplituded, all the transmitted signal should be on A 1 Bi— ¢ — o 11

the circle centered at origin with radius. In the absence of "= ao T Crn ) (11)
AWGN, all possibly received signals are on the mentioned . . _ _ _
circle offset by the 1Sla;ei¥’, denoted by The algorithm for detection of the transmitted information

is the same as that described in (10), because the first-path
r=ay cos(¢— ) \/AQ — a2 sin® (¢ —r).  (8) fading, ape’#?, has been taken into account in precoding the
transmitted signal so that it should not affect the detection
This circle is called the ISl circle (as shown in Fig. 3). In thef the ISI-free received signal. The value @f plays a very
precoding, the precoded signal is determined in such a way thmportant role here. It expandso < 1) or shrinks(ag > 1)
the received signal;;c’%:, is one root of (7) and (8); and the distanceD,. If the distance is too small, the receiver
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detection algorithm is very sensitive to input AWGN, resulting
in poor transmission performance; if the distance is too large,
the I1SI may not be eliminated completely because there may
not exist a root of (8) and (11), which may lead to equalization
errors.

C. Techniques to Reduce Precoding Errors

When there does not exist a root of (8) and (11) due to
the first-path signal experiencing deep fading, i®.,< 1,
the following four techniques can be used, respectively, f- 4. The structure of the phase precoder.
determine the precoded signal.
1) Small Amplitude Fluctuation: A point on the spiral a;(t)e?**® for I = 0, 1, ---, L. The precoding process can
curve closest to the ISI circle is chosen to approximatse summarized as in the following.

2)

3)

4)

a root of (8) and (11). This method can reduce the 1)
equalization error, but it can also result in a small
amplitude fluctuation of the transmitted signal.
Amplitude Modification: In addition to applying tech-
nigue 1), the amplitude of the transmitted signal is forced
to be constant, which results in an equalization error asg)
compared with that using technique 1).

Deep-Fading Cutoff: A predetermined minimum value
(threshold) Ag of the amplitude fading is chosen. For
any first-path fading below this value, i.eq < Ao, the
thresholdAy is applied to ensure the existence of a root
or roots of (8) and (11).

Using AdaptiveC' Values: Since the distancd), =

2)

4)

s(t)

133

Phase x(0)

precoder

Automatic
gain control

Define the spiral curve for the current transmitted sym-
bol based on3; and age’¥* according to (11).

Calculate the I1SI componente’®’ based on previously
transmitted symbols and the estimated channel impulse
response defined in (1).

Determine the received signal by calculating one root
of (8) and (11). If a root does not exist, the precoder
chooses a point on the spiral curve that is closest to the
ISI circle.

Compute the predistorted signat’? according to (9).

D. Discussion

2A/a0C, if the value of C is chosen to be inversely So far, we have described the nonlinear phase precoding
proportional toag, then the spiral curve has a constanécheme with constant transmitted signal amplitude for phase
value of D, no matter what value,y has. In this way, modulation. Three issues concerning the precoding scheme
the equalization error due t@, < 1 can be avoided, need to be addressed.

and the BER performance can be improved; however, it 1)
requires that the receiver know the time-varying value
of agp.

Among the first three techniques, only the second and
third still keep a constant transmitted signal amplitude. It is
expected that the second technique is better since it has a
“soft” cutoff rather than a “hard” cutoff as the third technique
does. On the other hand, the system BER performance using
the first technique should be better than that using the second
technique, with the tradeoff of a nonconstant transmitted signal
amplitude. Among the three techniques, the second is most
preferred if a constant transmitted signal amplitude is essential
to the system design. In the case that the receiver has the
information of theaq value, the last technique can be combined
with the second technique to give the best performance. Details
of the effect of C' value and how to adapt th€' value to
the channel are discussed in Section V. The transmissiorR)
performance of coherent QPSK using the channel precoder
with the second technique is analyzed theoretically in Section
IV. Computer simulation results of the BER performance using
the precoder with each of the four techniques are presented in
Section V.

Fig. 4 shows the structure of the phase precoder by us-
ing the aboveamplitude modificatiormethod. The inputs of
the precoder are information signal and channel information
estimated at the channel estimator (as depicted in Fig. 1).

If T+1 — 71 = T for ]l = 0,1,---, L —1, thendl(t)

The maximum amplitude fluctuation of the precoded
signal without amplitude modification id,/2. The
fluctuation is smaller than the distance between the point
chosen on the spiral curve and the circle centered at
origin with radiusA. Hence, the amplitude fluctuation is
reduced as compared with that when using the precoding
method proposed in [7]. The AGC unit is to achieve a
constant amplitude of the transmitted signal in the case
that there does not exist a root of (8) and (11). The
nonlinear equalization error due to the use of an AGC
unit is mitigated by the precoding method proposed here
because of the smaller amplitude fluctuation as com-
pared with that using the method of [7]. The amplitude
fluctuation using the precoding can be further reduced
if the parametel” is adapted to the channel fading (to
be discussed in Section V).

In the above discussion, the first-path signal is con-
sidered to be the desired signal. In other words, only
post-cursors are considered in precoding. In general, the
desired path should be the one that has the largest aver-
age power among all the propagation paths. In the case
where the first path does not have the maximum average
power, channel equalization should combat both precur-
sors and post-cursors in the channel impulse response
in order to achieve optimum transmission performance.
In the DFE at the base station receiver, the effect of
precursors is mitigated by a linear feedforward filter, and
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the post-cursors (tails) are removed by a feedback filtdistribution over{—=, +]. The received signal plus noise can
with previously detected decisions as input. Similarlype described as
if precursors should be considered in the precoding

scheme, a linear feedforward filter can be used with the riel? 4 el = (ri + 711vi)6](¢7 +ng:) (14)
same tap number and tap gain coefficients, respectivefifere

as those of the feedforward filter in the DFE. The filter

can be inserted either after the precoder at the transmitter Nri RN COS (P; — ),

or before the signal detector at the receiver. Since Nei =~ % sin (i — )

inserting the filter after the transmitter would result in a i

nonconstant transmitted signal amplitude, it is preferrgg the case of a large SNR value of the input signal. It
that the filter be inserted at the receiver front end. Thegdn pe proven that,.; and ng; are independent Gaussian
are two ways for the receiver to determine the tagyndom variables with zero mean and varian€eand o2 /7
coefficients of the filter: 1) the base station transmits thgjven r,), respectively. Since the variance .of; is inversely
information to the receiver, which achieves the receiV%"roportional to the SNR value of the input signal, its effect
simplicity at the expense of the transmission overheagl BER performance is negligible compared with thatef
and 2) the receiver linearly equalizes the precursofgen the input signal has a large SNR value. In the following
by continuously adapting the coefficients to maintaignalysis, the effect of.,; on BER is neglected. If ISI-free
the overall channel response that the precoder expegigsmission is achievedy; results only from the Gaussian

[6], [13]. Although using the linear feedforward filternoises;. From (10), it can be derived that (12) is equivalent to
at the receiver increases the complexity of the portable

units, the complexity dqes not inc_:rease when coded _T . {ﬁn” Modulo 27r} < (15)
modulation and a Viterbi decoder is used because no 4 4

A
decision_feedback is require_d by_the Iinea_lr equalizer._Tlm]ere(CW/A)HM is a Gaussian random variable with zero
complexity of a portable unit using the linear eq“al'z%ean and variancéCr/A)%02. Using Gray code for a
with a precoder at the base station is significantléPSK signal, a 1-b error occurs iNG; € (n/4, 37/4)
reduced as cpmpared with that.u.sing a DFE becaugg i AB; € (=3r1/4, —7/4) and a 2-b error g)ccurs if
the DFE requires zero-delay decision feedback. AB; € (3n/4, 51/4). As a result, the BER i</(x/4) +

3) Although only PSK is considered here, the precoding s, /1) _ o7(r) in the case of perfect ISI cancellation, with
technique can be directly applied to other phase modulm—e functionZ’() defined as

tion schemes such ag/ 4-shifted differential QPSK (the
modulation used in the North American digital cellular

system standard IS 54). In addition, the precoding tech- T(z) 2 Z O 2T+ (16)
nique can also be extended to precode continuous-phase —0 Uiﬂ
frequency-shift keying (CPFSK) signals.
quency ying ( ) sig where
1 e t? "
IV. PERFORMANCE ANALYSIS OF COHERENT QPSK Qz) = Vo ). TPA\T )

In this section, the BER performance of coherent QPSK o the spiral curve, the distance incremed for each
using the channel precoder with tlenplitude modification o phase increment i€4/ayC according to (11). When
method is derived for Rayleigh and Rician fading channelf)s < 24, i.e.,a9 > 1/C, there always exists a root or roots of

Define the phase detection error as (8) and (11), which corresponds to ISI-free transmission. Thus,
the conditional probability of bit error, giveiy > 1/C, is

AB: 2 (f; —B;) Modulo 2 )
Peajes = T(5 ) + T<f) —27(m). (17)

where/?i is the detected signal phase afdthe correct signal

phase. To make a correct decision, it requires WhenD, > 24, i.e.,0 < ag < 1/C, there may not exist a

root of (8) and (11) in some cases, as shown in Fig. 5, which
gives an example of the relative positions of the ISI circle

and the lines of the spiral curve passing poiatand b. The

The complex input white Gaussian noise accompanying tBgortest distance between the center of the IS circle and any
ith received signal symbol at baseband can be representegyfighe two lines is defined dsn|, wherem is positive if the
circle is on the left side of the line closest to it, and negative
if on the right. If|m| < A, the ISI circle crosses the lines and
=n;c’ " (13) an ISI-free signal is received. The conditional probability of
bit error, given0 < |m| < A and0 < ap < 1/C, is
wheren.; andng; are independent Gaussian random variables

. : 3
with zero mean and variance®, n; = \/nZ; +n; has a Peatjag.m = T(%) T(%) — 27(r) (18)
Rayleigh distribution, and; = tan=! (n; /n.;) has a uniform

v v
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Fig. 5. The relative position of ISI circle and spiral lines.

which actually is not a function of.. Otherwise, ifA < |m| < ) {0'5 {T <j _ u_) T (_j _ u_)}
D, /2, the ISI circle lies totally betweea andb. In this case, 4
the distancen increases phase detection error in addition to 3 3
that caused by input noise. From (10), it can be obtained that +0.5 [T <_ - “-) -T <Z - “-)}
the phase detection error is
{27 = ) = T = o)1} Falm)
%(m—A—i—nri), ifme<+A, +DS) N

Af; = Cr - _D, (29) + e fg(ao) dag |:T (g) +T <%T7r> — 2T(7r):|
- (m4+A+ny), fme < , —A) (21)

which is a Gaussian random variable with mean = . . .

Crlm — A)JA T m € (+A, +D,/2), j_ = Crlm + A)/A where f1(-) and f»>(-) are the probability density functions
if m € (=D,/2, —A), and variance&?7202/A2. Hence, the (pdf's) of the distancem and the first path amplitude
conditional probability of bit error, givent < |m| < D, /2 fading ag, respectively. It is shown in Appendix that if

and0 < ag < 1/C, can be derived as the ISI has the phase component uniformly distributed over
. . [-7, +x], the distancem has a uniform distribution over
Pe22|ag,m = 0.5 [T (Z — N) -T (_Z — u)} [-A/aoC, +A/aoC] given ag, N0 matter whether, has a
Rayleigh distribution or a Rician distribution.
3 3
sasfr (5 =) 75 -0)

V. RESULTS AND DISCUSSION

= [T(m = p) = T(=m — p)] (20) _

The BER performance of coherent QPSK using the channel
where i = p_ it m € (=D,/2, —A) and p = py it precoder with the four precoding error reduction methods and
m € (+4, +D;/2). using a conventional DFE is evaluated by numerical analysis

Based on the above discussion, the probability of bit errghg computer simulations. Time-variant Rayleigh and Rician
can be calculated by fading channels with two independent propagation paths are
considered, with propagation delay between the two paths

1/C A . . .
P = / falao) dag / £1(m) dm equal to one symbol mtervﬁf. The ratio of the transmltted
0 —A signal amplitudeA to the spiral curve parametér is chosen
T 3w to be 0.25. The normalized power spectral density of the
) [T (Z) +T <Z> - 2T(7r)} multipath diffusive components of both propagation paths is
1/c A/anC given by
+/ fQ(ao) dao / 1
e S =, 1< fp
-{0.5 {T <Z‘“*) —T(—Z—u+)} S =4 wfpif1- <i) (22)
3 3 Jo
+0.5 [T(I—M)—T(I—M)} 0, |f1> fp
where fp is the maximum Doppler frequency shift. Generally,
—[T(r = pt) = T(=7 - “JF)]}fl(m) dm the value of the normalized fading rat¢p7, determines
e, A the degree of signal fading. Whefp1I' « 1.0, the channel
+/ fa(ao) dao/ exhibits slowly fading. Here, the normalized fading rate is
0 —A/acC chosen to be 0.005 and the channel information is updated over
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Fig. 6. The BER using precoder withain control in Rician-fading channels.

each symbol interval at the precoder. In a practical systengntrol method for a Rician fading channel with= 0 dB and
for example, if each data frame contains 1000 symbols ahd= —10, —5, 0, 5 dB, respectively. The solid lines represent
the channel information is updated over each data franmymerical analysis results, and dotted lines simulation results.
then the equivalent normalized fading rate correspondinglyis observed: 1) the BER floor decreases as the value of
is 0.5 x 107°, which characterizes a slowly fading channelk increases. A largek value means a stronger deterministic
SNR/bit is defined as the ratio of the ensemble average ldDS path, therefore, there is less chance for the first-path to
the received signal power per bit from both paths to thexperience deep fading so that the equalization error [due to
Gaussian noise variane€. The ratio of the average power ofnonexisting root of (8) and (11)] is reduced. As a result, the
the first path diffusive component to that of the second paBER floor is significantly reduced dsincreases; and 2) at low
diffusive component is denoted by The Rayleigh fading SNR/bit values, an increase bfvalue results in a degradation
channel with the classical Doppler spectrum is simulated usin§the BER performance. With the same SNR/bit value, the
the “sum of sine waves” method [11]. The Rician fading ofalue of 2 increases a increases. Since the amplitude of
the first path is also characterized by thdactor, which is the received signal is used for detection, when SNR/bit is low,
defined as the ratio of the received signal power from th&aussian noise has a dominant effect on BER performance
LOS path to the power of the diffusive component. The valwteterioration compared with the equalization error, which
of k is selected as-10, —5, 0, and 5 dB in the following results in an increased BER a$ (or k) increases.
analysis. The Rician fading of the first path is simulated by Fig. 7 illustrates the BER using the precoder in a Rayleigh
adding a time-invariant LOS component (determined by thHading channel witlp = 0 and 10 dB, respectively, using the
k-factor) to a Rayleigh-distributed diffusive component. lamplitude modification with gain contrghethod. The BER
the simulations, it is assumed that the precoder has accuffiders in the Rayleigh fading channels are higher than those of
channel information. For comparison, simulation results dfie Rician fading channels, due to the lack of the LOS signal
the transmission performance using a conventional DFE ar@mponent and more frequently occurred deep fading of the
also obtained, assuming that the receiver using a DFE danst path. It is also observed from Fig. 7 that, with an increase
accurately track the carrier phase jitter of the first-path chanrodlp value, the BER performance is improved. This is because:
fading. In the simulations, the number of information bitd) asp increases, the average signal power from the first path is
transmitted through the system for each SNR/bit value iiscreased and from the second path is decreased, since the sum
chosen in such a way that the simulated BER performanckthe average signal powers from both paths is normalized to
results are within the 90% confidence interf@bp., 2.0p.]. one, and 2) with a larger signal energy from the first path, there
The BER confidence interval depends on the number of bis-a larger probability for the channel to be minimum phase,
error occurrences as well as the number of fading cycles tmasulting in a smaller equalization error. In both Figs. 6 and
the system experiences. 7, the probabilities of bit error from numerical analysis based
Fig. 6 shows both numerical analysis and simulation resutte (21) agree very well with those obtained from computer
of the bit error rates usingmplitude modification with gain simulations.
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Fig. 7. The BER using precoder withain control in Rayleigh-fading channels.

Figs. 8 and 9 give the BER simulation results over a Riciarsing a DFE, it is observed that the former has lower BER
fading channel usingmall amplitude fluctuatiomethod and floors. Since the precoder is not subject to error propagation,
using deep fading cutoffnethod, respectively, with = 0 dB  coherent QPSK using the precoder has a much lower BER
andk = —10, -5, 0, 5 dB. Comparing Fig. 6 with Fig. 9, we floor than that using a DFE under the same channel condition.
can see that the performance has been improved significantlyrhe spiral curve design parametémplays a very important
by theamplitude modificatiomethod as expected, due to theole in the detection algorithm. The dependence of the BER
fact that it is still possible to cancel ISI completely with gerformance on the precoder design paramétdas studied
deeply faded first-path signal using this method. From Figs. i, the following. Fig. 11 shows the BER as a function ©f
8, and 9, it is concluded that: 1) when there is a strong firdtvith a largerC value, the distanc®, is smaller; therefore, it
path signal all the time (i.e., in the case/of 5 dB), perfect is more likely for (8) and (11) to have a root or roots. That is,
ISI cancellation is possible to a great extent no matter whithe precoder has a better capability of handling the first path
of the three methods is used, therefore, the correspondfaging. On the other hand; is proportional toCr; according
transmission performance is almost the same in all the thitee(10). With a smallC value, the precoder is less sensitive to
figures, and 2) when it is possible that the first-path signal goee AWGN componeng;. In summary, a smatl’ value should
through deep fading (i.e., in the casefok 0 dB), there exist be used when the SNR/bit of the received signal is small,
precoding errors, and themall amplitude fluctuatiomethod and theC value should be increased as the SNR/bit value
provides the best transmission performance among the thieereases. The transmission performance can be improved by
methods. However, we sacrifice the constant amplitude asising aC' value adapted to the SNR/bit value. One example
trade-off. Taking into account of all aspects, tamplitude of choosing aC value based on the SNR/bit value is shown
modificationmethod should be the best choice among the first Table I. The BER performance using a precoder with the
three techniques, since it still keeps a constant amplitude arhplitude modificatiomethod and th&” values is shown in
the transmitted signal and has a lower BER value than thatkify. 12 for the case op = 0 and k£ = 0. The value ofC

the deep-fading cutoffmethod. can also be determined by the first-path amplitude fading
For comparison, Fig. 10 gives the BER simulation resul{g&s mentioned in Section IIl). From (11), it is observed that
of coherent QPSK using a DFE with = 0 and & = if the value ofC is inversely proportional to the value of,

—oo, —10, =5, 0, 5, dB, respectively. Wheik is small, the then the distancd); is a constant independent of the first-
channel approaches to a two-path Rayleigh fading chanpealth amplitude fading:,. As a result, the effect of a small
and the first path often experiences deep fading, resulting value (when the first path experiences deep fading) on the
in poor BER performance. With an increase lofvalue, the equalization error is suppressed, and the BER performance is
first-path signal becomes stronger and the effect of ISI éxpected to be significantly improved. This is verified by the
reduced, thus, the BER performance is improved. The inheré¢in¢ BER performance witl = 1/ao, as shown in Fig. 12.
error propagation of a DFE results in the high BER floor&Vith C' = 1/ao (i.e., D, = 2A4), there always exists at
Comparing the BER performance using the precoder with tHatist one root for (8) and (11), which means no amplitude
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Fig. 8. The BER using precoder witamplitude fluctuationin Rician fading channels.
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Fig. 9. The BER using precoder witleep-fading cutofin Rician fading channels.

modification is necessary and ISI-free transmission is alwagsthe expense of the increased system complexity for finding
possible. the optimumcC value, and 2) if theC' value is adapted to
It should be pointed out that: 1) the optimu@i value «g, then the receiver needs to know the valueagfeither

depends on both channel fading statistics and instantanebyghe information sent from the transmitter or by estimating
SNR/bit value. The system using the precoder with @he the value locally. In fact, it is much easier for the receiver to
plitude modificationmethod and & value adapted to both estimateay alone than to estimate the whole channel impulse
SNR/bit andao should have better BER performance than thaésponsé:(¢). One way to estimate thg value at the receiver
shown in Fig. 12. The performance improvement is achievési to transmit a preample sequence of a few symbols. The
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Fig. 10. The BER using DFE in Rayleigh and Rician fading channels.
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Fig. 11. The BER using precoder witjain controlin a Rician fading channel witp = 0 dB, ¥ = 0 dB.

preamble sequence can be designed in such a way thatwinite Gaussian noise. The first path fadinge’¥° can be
signals from delayed paths cancel each other, which malesimated by(r; + v — 73 — 74 + 75)/5, which is a complex

it possible to estimate the first-path amplitude fadiag Gaussian random variable with meage’¥® and variance
The estimation error depends on the value of SNR/bit. Fef/5. The accuracy of the estimation can be increased by
example, with the two-path channel, we can choose a preamiplereasing the symbol number in the preample. In general, we
sequence of five symbols with pattefm, 1, —1, —1, 1}. At can always design a preample sequence to estimatir

the receiver, the received signal sequence correspondingatoindoor channel consisting df + 1 paths (wherel. > 1).

the preample ifry, 2, r3, 74, 5} contaminated by additive The accuracy of the estimation is better if a longer preamble
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Fig. 12. A comparison of using DFE and precoder wgtin controland optimalC value in a Rician fading channel with= 0 dB, ¥ = 0 dB.

TABLE | to suppress fast (false) variation components in the channel
THE OpTIMAL C' VALUES CORRESPONDING TOVARIOUS SNR/BT VALUES fading status due to decision errors in the DFE and due to
SNR/bit (dB) | C additive Gaussian noise, so that the estimation error can be
0-10 0.5 greatly reduced. With an accurate estimate of channel im-
;g‘zg ; pulse response, the transmission performance with a practical
25:30 3 precoder is expected to be very close to that shown in this
3035 1 section.
35-40 6
40+ 8

VI. CONCLUSIONS

A new constant-amplitude channel precoder for equalizing
sequence is used or if there exists fewer multiple paths. Tegwly fading channels has been developed and analyzed for
BER performance using the precoder with the paraméter phase modulation. The transmitted signal carrier phase is
adapted to an estimate, (with the 5-symbol preample) andprecoded in a unique way (by using the spiral curve design) to
the amplitude modificatiormethod is shown in Fig. 12. It is achieve an ISI-free received signal. The transmitted informa-
observed that the BER performance is not very sensitive to #figh is detected at the receiver according to the established
error in estimatingzy due to noise. For comparison purposeelation between the received signal amplitude and carrier
the BER performance of the system using a DFE (with errghase. It has been shown that the new channel precoder can
propagation) instead of the precoder is also shown in Fig. fdprove the system BER performance significantly better than
under the same channel condition. It is clearly observed thatDFE does because of no inherent error propagation. The
the precoder can improve the transmission performance mysf#coder is especially useful for portable communications,
more effectively than a DFE. The reason for the precoder {¢ghere ISI due to multipath fading channels can severely
have better performance is that the precoder has no inhergéteriorate the BER transmission performance and where the
error propagation (as the DFE does). On the other handsigplicity of portable units is a vital characteristic of the
DFE with accurate channel information and correct feedbaglstem.
decisions can outperform the precoder.

In practice, the channel impulse response information used
in the precoder is estimated in the reverse link using a channel
information estimator, as shown in Fig. 2. The estimator makes
use of the tap coefficients of the DFE at the base stationWe consider a two-path fading channel, with the delayed
receiver. The error propagation of the DFE may result ipath having Rayleigh distributed amplitude fadimgand uni-
channel information estimation error. However, for slowlyormly distributed carrier phase jitter; over[—=, +x]. From
fading channels, powerful tracking algorithms can be appli€8), the ISI component has Rayleigh-distributed amplitudé

APPENDIX
DERIVATION OF THE PDF OFm
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and uniformly distributed phasg; 2 1+0;_1 over[-m, +x] Y can be obtained by differentiating its cdf
for any 8,_, value. On the plane using the polar coordinates d

(r, ¢), ¢ = 1y is the line connecting the origin and the center fr(y) = dy PY <y)

of the ISI circle. From (11), the spiral curve intersects the line 0l d [AaC

at the following coordinates: [Fo, (v +u) — F,,(0)] du

A, Bimti—d 24y
i — V1 — Yo

’TL . 1 Me VLT Y0 C A

A 2nA

a0 T aoC +X, n=12-- (23) Forvy e [A/aoC, oo), the cdf of Y is
where P(YSy):P<—i<YSi>
X = é |:(ﬁz - Z/)I - 1/)0) Modulo 27r:| agC aogC
ao Cr + P<i <Y < y) 27)
aoC

is a random variable uniformly distributed over | ) ] )
[~ A/aoC, +A/aoC] because[(8; — 17 — o) Modulo2x] Similarly, it can be derived that the pdf af is

has a uniform distribution ovdr, +] for any 3; andq. aoC A A
The distancen can be represented as ) =S5 |[Falyt a0C ~For\v - wC )|
/ 28
m 2 (a;—r,) Modulo 24 (28)
aoC Substituting the cdf of the Rayleigh distributed random vari-
— [(aI—X)— ﬁ} Moduloﬁ (24) @able a; into (26) and (28), \(Ave have (29), shown at the
o apC bottom of the page, where? = E[a7]/2. As a result, the

where m € [-A/aoC, +A/aoC). First, let us derive the random variableZ 2y - Afag has the pdf shown in
pdf of random variableY Y ar — X, which is defined (30), shown at the bottom of the page. Finally, the pdf of
on € [—=A/ayC, x0). ForVy € [=A/agC, +A/aoC), the m = (ZModulo24/aoC) is

cumulative distribution function (cdf) o¥ is 2nA
PP Futy= Y g (1422
L T RN OTHOT =
Y 0 _ @C te _i _,_i (31)
CL()C A/arC ytu o 2A ’ CL()C'7 CL()C )
Y du Ja (U) dv
24 Jy 0 That is,m is uniformly distributed ovef—A/aoC, +A4/aoC]
agC [/ @€ given the first-path amplitude fading,. We conclude that the
o4 [Fo, (y +u) = Fo, (0)] du (25) pdf of m is independent of the distribution af,, due to the

I fact that[(3; — «r — 1) Modulo 2x] is uniformly distributed

where fx (u )— GOC/QA is the pdf of X, f,,(-) is the pdf of over [, 4] for any 3; and ¢ as long asy; is uniform

ar, and F,, (z fo fa, (v) dv is the cdf ofa;. The pdf of over [—7, +n].
( A
0 _ L
? y E < OO? a00:|7
G/OC [_( -I—A/a 0)2/20_2 A A
= == 11- y 0 a - 4+ 29
fY(y) 24 { 2 }7 y e CL()C7+CL()C ( )
C g ; 2 2 A
C;OA [ —(y— A/agC) /20a _ 6—(y+A/aOC) /2<;ra]7 y e |:+—Cv OO:|
A
e = by (24 )
o
( A A
0 I O
s z € < o, P aoC}
aoC —(z+A/a0+A/agC)? /202 A A A A
- 0 0 o 2 iy . 30
2A [ —¢ ]7 € [270) CL()C'7 [270) CL()C ’ ( )
000 (4 A/an—AfacC)? /202 —(24A a0+A)asC)? /202 _ﬁ A
| 24 [e e l, z¢€ + — aoC
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