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Abstract: In the down link scenario of CDMA systems, Linear De-Correlating Detectors
(LDDs) provide satisfactory Symbol Error Rates (SERs), but they require all active users’
spreading sequences, which is impractical from privacy perspective. To overcome this
impracticality, a simple matched filter receiver is considered in this paper. However, this
receiver degrades the SER due to Multiple Access Interference (MAI). So, a Zero Force
(ZF) pre-coder is employed in the transmitter to improve the SER. Moreover, we consider
the Non-Linear Distortion (NLD) caused by the High Power Amplifier (HPA) of the Base
Station (BS) due to large Peak to Average Power Ratio (PAPR) of the composite of CDMA
signals. We analyze the down link of the proposed system to derive an equation for its SER.
Theoretical analysis and numerical results show that the ZF pre-coder increases the total
degradation of the link significantly compared with that of the LDD. So, as a solution,
rather than ZF pre-coder, we propose a new method called extended joint channel
estimation in which joint estimation of channel gains and LDD operator are used by the
mobile station (MS). In this case, the BS transmits row k of LDD operator to MS k.
Simulation results show that the SER of this new proposed method is close to that of the
LDD in Additive White Gaussian Noise (AWGN) channel with the added advantage of no
need for spreading sequences of all co-users.

Keywords: High Power Amplifier, Nonlinearity, Pre-Distorter, PAPR, CDMA, ZF Pre-
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1 Introduction

Code division multiple access (CDMA) is employed in
the third generation of mobile networks to provide
multimedia services with required qualities. A multi-
user detector (MUD) is used to detect the desired signal
and to simultaneously cancel out the interferences
coming from co-users [1]. To do this, a non blind MUD
requires the user's, as well as all co-users’ spreading
sequences. Furthermore using MUDs in the receiver
increases the complexity of the mobile station (MS).
Moreover, knowledge about spreading sequences of co-
users reduces the privacy and security of the CDMA
networks. Traditionally, a zero force (ZF) pre-coder in
the downlink scenario to be used in the transmitter of
the base station (BS) with a simple matched filter as the
receiver for the MS, in this case the knowledge about
spreading sequence of co-users is not necessary in the
receiver. Moreover, there is a major drawback in the
downlink of a CDMA network, which is high peak to
average power ratio (PAPR) of transmitted signal. This
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PAPR results in nonlinear distortion (NLD) due to using
an HPA in the transmitter, which degrades the
performance of the MS receiver. Furthermore, low
PAPR transmission has more consistency with new
technologies in the wireless communication such as
cognitive radio technology, which needs limited level of
interference in the in-band and out-band to provide
spectrum opportunity for transmission of secondary
users. Moreover, one of new paradigm in
telecommunications is green power communication, in
which the limitation on peak power of signals has
important role in providing constraints of green power
communication.

Conti and Dardari analyzed the effects of the HPA
on the SER of downlink scenario in CDMA systems
using matched filter detectors in AWGN channels [2].
In [3], Rugini and Banelli performed a similar work to
that of [2], but for MUDs. In [4] and [5], we studied the
SER performance of MUDs in terms of output back off
(OBO) in the HPA over AWGN plus flat fading
channels. In [6] we studied effects of non-ideal pre-
distorter HPAs on the performance of MUDs in
WCDMA systems. In [7], nonlinear multiuser receiver
for optimized chaos-based DS-CDMA systems is
proposed. In [8] convolutional spreading CDMA has
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been used for MAI cancellation and limiting the PAPR
of transmitted signal. A pre-distorter can alleviate NLDs
of the HPA. When the input back off (IBO) is very high,
the output signal experiences no saturation at the
expense of being power inefficient. For this reason, Ryu
in [9] analyzed the SER of a predistorted orthogonal
frequency division multiplexing (OFDM) system over
AWGN channels. In [10], the SER performance of a
system using MMSE pre-coder in the transmitter and a
matched filter in the receiver was analyzed and
compared with that of a similar system using an ideal
pre-distorted transmit amplifier and a MUD. As well, in
[12] the performance of the ZF and MMSE pre-coder
system without considering HPA was investigated
through computer simulations. Also, in [11] the
performance of linear precoding and linear MUD have
been compared in the downlink of time division duplex-
CDMA (TDD-CDMA) systems and show that
precoding can outperform the more complex MUD. But,
[12] consider ideal HPA (no NLD) in the performance
analysis of the linear pre-coder such as ZF precoding.

In this paper, the SER performance of the downlink
scenario with ZF pre-coder is analyzed in the presence
of HPA nonlinearity, and this SER is validated over
AWGN plus flat fading channels using simulations.
Furthermore, these results are compared with those of a
linear de-correlating detector (LDD), and a minimum
mean square error (MMSE) detector of CDMA
systems, which were studied in [13] precisely. By
deriving the SER of this link, we will see that using a
ZF pre-coder in the transmitter with a simple matched
filter as the receiver increases the total degradation of
the system, which is a key performance index
measuring quality of communication systems in the
presence of NLD. As a solution for this problem, we
propose a new strategy which is called extended joint
channel estimation method. It is based on joint
estimation of channel gains and LDD operator by the
BS. In this new strategy, the multiplication of the row k
of the cross correlation matrix of the spreading
sequences with the spreading sequence of user k have
been sent to each active user by the BS. This new
strategy avoids increasing the PAPR of transmitted
signal. So, there is no need to using the ZF pre-coder in
transmitter when a simple receiver is used. In the
proposed strategy, calculation of the inverse cross
correlation matrix of the spreading sequences now can
be done in the BS. As well, this strategy requires only
the spreading sequence of the desired user. The
performance of our proposed strategy is evaluated using
computer simulations. Moreover, the number of
required pilot symbols for the proposed strategy is
derived using computer simulations. Finally, loss in the
spectral efficiency due to transmitting pilot symbols is
analyzed in terms of traffic load variations.

The remainder of this paper is organized as follows.
In Section 2, the system model is described. In Section
3, we analytically derive the SER of the system using

ZF pre-coder in the base station and a simple matched
filter receiver in the MS and the derived SER is
validated using computer simulations. In Section 4, a
method for joint estimation of channel gains and LDD
operator is proposed to limit the level of PAPR of the
transmitted signal, the performance of the proposed
method is evaluated in the presence of HPA in the
transmitter, also performance of that is compared with
similar scenario, in which LDD is used in the receiver.
Finally, in the last section, conclusions are presented.

2 System Model

We consider the downlink of a CDMA system; the
composite of active users’ signals in the base station is
given by

+o0 N-1

1 < : .
Ay =—= >3 AdLjle,mlp(t—mT,—jT). (1)
\/ﬁ k=1 j=—0 m=0
where N is the processing gain; K is the number of
active users; A4,, d,[/] and c,[m] denote, respectively
the amplitude, data symbol j, and chip m of the
spreading sequence (|Ck[m]| =1) for user k; p(¢) is the
chip pulse shaping waveform with unit energy, T
denotes symbol time, and T, =T / N is the chip time.
Data symbols {d k[j]} of different users are independent

and identically distributed (i.i.d.). In the following of
this paper, a bold capital letter denotes a matrix (A), a
bold small letter denotes a vector (a), and letters not
bolded denote scalar values (A, a). The symbol | of the
transmitted signal in the matrix form is given by

z[/]=CAd[l], )

where C=[c], .. .cl, C, =
N[ [0],. [N 1], A=diag(A,...A) and
d[/]=[d /. d,[/),....d [7]] . For MAI cancellation in

the downlink scenario, the pre-coding techniques in the
transmitter can be good candidates for replacing instead
of multi-user detectors. So, the pre-coder matrix and the
corresponding transmitted signal is computed in the
transmitter. Using linear pre-coder for the data vector,
the pre-coded data vector can be computed as:

b[1]=Td[l]. 3)

where T is the pre-coder matrix. By spreading the pre-
coded data, the transmitted symbol |, i.e. X[]] , Is given
by:

x[17=CADb[l], (4)

hence, pre-coded transmitted signal can be computed as:

K 4o N-1

x(0) = ﬁzz ;Akbku]ck[m]pa—mn -Jj7). )
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The signal x(¢) is entered to the HPA, whose output
is denoted by y(#). The characteristics of a HPA are
given in [14] by its amplitude to amplitude (AM/AM)
and amplitude to phase (AM/PM) distortion functions,
which are denoted by Gip,() and @, (),

respectively.
Using these two functions, the base-band output of
the HPA is given by:

M) = G(|x()) explip(|x(0)

), (6)

where ¢<|X(t)|) = Qupa <|X(t)|)+D x(¢), and U x(?)
denotes phase of x(#) . A pre-distorter amplifier may be
used for the alleviation of the HPA nonlinearity. The
amplitude transfer function L() and the phase transfer

function yA.) of a pre-distorter are:

{ L() = Gl_{lPA () @)
'/’() = ~Pupa ()7
in which, Gy, (+) is the inverse of Gy, () in the non-

saturated region of the amplifier. If the pre-distorter
works ideally, the combination of the HPA and pre-
distorter can be modeled by a linear amplifier and a soft
limiter. This model, which is called ideal pre-distorted
amplifier (IPA), given by G,,,,(| x|) = x| for | x|< A4,

Gupalx)=A4,,, and @p,(|x[)=0,
is considered in next section for the SER analysis. In
Chapter 12 of [15], it has been noted that if x(#) has

Gaussian distribution, y(#) may be decomposed into a

for ‘X| >As‘at

linear amplification of x(#) plus a nonlinear distortion

noise based on Bussgang Theorem. In the mathematical
language, it can be expressed by:

A1) = o, ™ x(8) + 1, (1), (8)

where ¢, and n,(¢) are linear amplification gain and

nonlinear distortion, respectively. The output of the
channel r,(¢) to the input y(?), is given by:

(0= [ (e Ot =7)dry +n,(0) o

= 51g,k(t)+nk(t)7
where By (zy,1) = B()e’ VS (z;) is the channel
impulse response to the impulse applied at -7,
Lk () = B (D™ “x(t) denotes the useful signal,
() =11y, (O + 1,65 4 (0) where

nNL,k(t):ﬂk(t)eig"(')nd(t) is the nonlinear distortion

noise and 11,y (¢) 18 AWGN with zero mean and

: 2
variance of o,y -

In this paper demodulation is considered coherent,
also time and frequency synchronizations are assumed
perfect. The channel phase 6, and the mean HPA

phase-shift arg(e,) are also considered to be perfectly

known to the receiver. Samples of channel are
considered to be constant for any symbol; such that for

symbol |, the channel gain is defined by £, [/]= B8.(/T).

(=[50, 1]
ni/]= [nl[]],...,nK []]]T , it can be shown that the output

of the code-matched filter, which is the cascade of a
chip-matched filter and a de-spreader, is given by:

Rl =[]+ 0[]
= |ao| &™) | g (1] CHCABI +n [,

By defining

(10)
where N [/]=|B,l/" Cng [+ C" 4 yon[]. i

which  n,[7]=[n,0T) N (T +(N=DT,)],

Nywoni ] = |:HA wan £ UT) 4wy £ UT +

(N —l)Tc)] and ()" stands for conjugate transpose

operation. The ZF solution is:
T=R", (11)

The main drawback of using pre-coder is boosting
the transmit power [10]. Hence, the transmitted signal is
scaled at the transmitter. The scaling factor is
determined based on available transmit power, so that
the average transmit power with and without pre-coder
become equal [10, 16]. The average transmit power
without pre-coder can be computed as:

2

})[(without precoding) = || X []]"

- |ca[a[n" c”|
12

=tr(CC") (12)
= r(C”C)
=K

where #r(-) stands for trace operation. The average

transmit power with pre-coder can be computed as:

2
Pt(with precoding) = || X [I ]"

~|ep[1]o[1]"

~|cTafiap] e (13)

=tr{CR'(CR )"}
~tr{R"}
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The signal scaling factor which is denoted by o, ,

satisfy the:
2
aZF [)t(with precoding) = R‘(without precoding) * ( 1 4)

From Eq. (14) and using Egs. (12, 13), the scaling
factor . is obtained as:

Ay = L 15
ZF l‘I‘{R_l}. ( )

The other drawback of using pre-coder is increasing
the PAPR of the transmit signal, which generates
nonlinear distortion at HPA output and degrades the
SER of the system. This effect is considered precisely in
next section of this paper.

Some definitions which are used in the remainder of
this paper are defined as follows, the peak to average
power ratio (PAPR) for the input signal x(¢) is defined

as  PAPR =max{x(t)] }/ E{x(6)]'}. For a HPA, the
input back-off (IBO) is defined as
IBO=P,, |E{x(®[}, where P, is the minimum

x,sat x,sat
input power that saturates the HPA. Similarly, the
output back-off  (OBO) is defined as

OBO=P / E[| y(t)|2], where P, . is the maximum

y,sat
output power of the HPA. The nonlinear distortion is
generated at the transmitter should be considered in the
conventional SNR. For this purpose, the conventional
SNR is defined as the apparent signal-to-noise ratio
SNR,,, measured at the receiver input, which is

SNR,,, = (G;G +on, ) / Giwen  [2]. In this equation,

2 2 2 2
Onp = E{|nNL []]| }oand O pey = E{|nAWGN []]| y. In
this equation, nonlinear distortion is added to the signal
power, hence SNR,,, is not a proper definition for the
SNR. For this reason, in [2] SNR_ that is

Oaig / (Gich + Gf\IL) is used rather than SNR,,.

The total degradation (TD) in a target SER is key
performance measure in communication systems with
HPA, which is defined as [2].

[TD]dB = ([SNRapp P [SNReff ]d3)+ [OBO]dB ) (16)

where the difference of the terms inside the parentheses
indicates the power penalty and the OBO indicates the
power penalty with respect to the saturating output
power of the amplifier. There is a trade-off between
these two power penalties, since an increase in OBO
results in a smaller distortion.

3 SER Analysis in Nonlinear Channels

In this section, first we derive the SER of the system
using ZF pre-coder in the base station and a simple
matched filter receiver in the MS analytically in

subsection 3.1. Then and the derived SER is validate
using computer simulations in subsection 3.2.

3.1 Analytical Results

In the downlink scenario, if signals are transmitted
with the same power, then the signal received from each
user has equal amplitude. This guarantees that the
average signal-to-interference ratio (SIR) received by
each MS is the same. Moreover, by considering equal
average amplitude for the signal and each MAI and by
having a large number of users, (e.g., K >7), it is
possible to approximate x(f) by a Gaussian-random
process [1].

By periodic considering the spreading waveforms of
all MSs, the HPA input composite signal x(f) can be

approximated by a cyclostationary Gaussian random
process. In this case, the linear component o x(¢) and

the nonlinear one n,(f) in Eq. (8) are mutually

uncorrelated [2]. So, the autocorrelation function of the
HPA output signal, y(f) can be evaluated as

Ry(r)=|ozo|2 RX(T)+RHi(r), where all the quantities
are averaged over the cyclostationary period T and

|a0|2:y0/a§. Using [17] it can be shown that

too 2i+1
R, (D)= 7,(R(D)]a}) in  which the
coefficients y,s, 720, depend on the HPA function
and the HPA input power o . In [17], in case of IPA

model, closed from expressions for y,;s are given by

considering Gaussian approximation for input signal.

In the NLD analysis of the ZF pre-coder output, we
cannot include PAPR increment of ZF pre-coder
technique in our analysis since PAPR varies due to
variation in the distribution of the input signal while we
approximated input signal by a cyclostationary Gaussian
process for simplicity of our analysis, with a given input
power o . Therefore, to overcome this problem in

analysis, we define a new parameter for the IBO of the
amplifier in which the effect of PAPR increment is
excluded, and its effect is considered in the pre-coded
signal. For this purpose, we define a new parameter,
IBOy; . 1ps for the IBO, which is given by:

[IB Oyirual 1ipa 1,3 =

; 17
|:1B0Rea1 HPA _PAPReffective :IdB >

where all above variables are expressed in terms of dB.
In (17), IBOg s 1s the actual value of the IBO for

the HPA and PAPR

effective

is defined as:

PAPR

effective

= KP AP Rlncrcmcnt’ (18)
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in which PAPR is the PAPR increase due to

using the ZF pre-coder and X is a constant regulator
whose value depends on both pre-coded and non pre-
coded signal distributions and is defined by:

Increment

itPr{[x(of > P2} 20,

Pr {|X(t)|2 > Psfjj’"’} - Pr{|z(t)|2 > PS’ZP‘”}

w= Pr{|x(of > P (19)

1'fPr{|X(t)|2 > PS’:””’} =0,

0,

In which, Pr{-} denotes probability function,H

stands for absolute value and PS’Z””’ is the saturated

input power of HPA. Using PAPR

effective makes our
analysis robust against instantaneous sparks of the
signal amplitude, which occur with low probability

values and has no significant effect on the average SER.

It is probabilistic weighting for PAPR, ... The
power of NLD without pre-coder is given by:
O-Z%JL‘nunprecode = Rud (O) = § }/ll_mﬂpfb‘CodeRZ (0)2”1 N (20)

where, 77" °* s the

considering effect of pre-coder with real HPA

calculated y, without

. . 2 . . .
characteristics, o, with pre-coder is obtained as:

+00

ded -
O-l%fl,precaded = Rud (0) = £ 171'”600 - R)( (0)21+1 b (21)
P
where, 77***! is calculated with pre-coder with virtual

HPA characteristics by substituting /BO,.upa
instead of /BO . Also, the transmit power of x(¢) is
equal to that of #(f) by power scaling, i.e.
R _(0)=R,(0). In this case, the operation of pre-coder

is correlation eliminating of different users’ spreading
sequences, hence it causes PAPR of input signal
increases. Therefore, /BOg. p, 1S reduced to

IBOy, .anpa » 1t causes signal to nonlinear distortion
ratio (SNDR) decreases, which is given by:

snpr =— 1RO

Z 7 Rx (0)21+1 (22)

Hence, SER performance of pre-coded signal
degrades in comparison with that of un-pre-coded signal
due to reduction in the SNDR; in the following, both
our theoretical and numerical results confirm this
conjecture.

Now, the SER of the system in nonlinear channels
(due to using HPA) is analyzed over AWGN and flat
fading plus AWGN channels for a simple matched filter
along with ZF pre-coder in the transmitter. The SER can
be expressed in a closed form by modeling both the
MALI and the nonlinear distortion noise in the output of
HPA as Gaussian random variables. In this case, for the
QPSK modulation, we can obtain the SER of the desired
user to be as [18].

Pe,/(,AWGN = 20( \/ SNRdetector,k )
- 02 (V SNRdetector,k )’

_ 2 2 2 2
where  SNR . cons = O / ( Omark TOneix T 04 WGN,k) )

. . 2 2 .
in which oge, and oy, , are power of linear

(23)

amplified signal and power of MAIL, oy , = oy, and

Oawenk = Oawey Tor ZF pre-coder in the transmitter and

matched filter in the receiver.
The SER, conditioned to £, can be approximated as

[18].

[)e,[( (ﬂ) ~ 20( \V SNRdetector,k (ﬂ))7 (24)

where SNR iecior i (B) =

ﬂzGSZIG,k/(ﬂZO-I\Z/IAI,k +ﬂ25§L,k +Gf\WGN,k ) For practical
symbol-error probabilities (i.e., when Pe’k(/?)SlO’2 ).
The average SER, P ,(f) is obtained by averaging

over the probability distribution function (PDF) of the
channel gain i.e. Rayleigh distribution, is given by:

' Bri 2
P = [ 20( e dp. (@5)
k,Flat ) ﬁz (772 + 513) +1
|a0 |2 A]f 2 0-2 ) O'2
where 713 ==, 52 = 2MAI , =— NL
O 4wan O awGN O aweN

This integral is calculated in [19] and the final SER can
be expressed as:

2 -7;
Pc,k,FLA r=1- 7 Vi exp(2(772—wf5,f))

= (72/2)"
2 (W) (26)

m=0

><U(m+%,m+2,(7]2 +5,f)’1),

where U is confluent hyper geometric function which
is given by relation 13.1.3 in [20]. In this paper, this
integral includes effects of ZF pre-coder on the SER.

In [12], effect of nonlinear distortion is considered
when linear multi-user detectors i.e. LDD and MMSE
detector are used in the receiver. We compared our
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analytical results for the ZF pre-coder with matched
filter in the receiver with these results, and our
analytical results are confirmed using computer
simulations in the following subsection. The power of
nonlinear distortion and AWGN of the output of the
LDD, MMSE and matched filter are obtained in [12].

3.1 Simulation Results
To confirm the validity of Egs. (23, 26), derived in
our analysis, we use computer simulations. We consider
an IPA model for the HPA. A rectangular pulse shaping
waveform p(¢) is used. The type of modulation is

QPSK. The base station transmits data with equal
amplitudes for each of K = 25 users. Gold-sequences
with length of 63 have been used for short spreading
codes of all active users. Computer simulations are done
for two different channels: AWGN and AWGN plus flat
fading.

Table 1 shows the PAPR of the transmitted signal
with and without pre-coder for 25 equal power active
users. It is obvious that there is 1.38 dB increament for
the PAPR value in the transmitted signal due to using
pre-coder.

Table 1. PAPR of the transmitted signal with and without pre-
coder for 25 active users employing Gold spreading sequences

Scenario Without pre-coder With pre-coder
PAPR [dB] 12.46 13.84

Fig. 1 shows the SER of the ZF pre-coder and
matched filter in the receiver as a function of SNR,

over AWGN channels. Our theoretical results of ZF pre-
coder in transmitter with matched filter in receiver have
good agreements with those of simulations, which
validate Eq. (23).

Fig. 2 shows the SER of the ZF pre-coder and
matched filter in the receiver as a function of SNR_

over AWGN plus flat fading channels. Our theoretical
results for ZF pre-coder in the transmitter and a matched
filter receiver have good agreements with simulations
results, which validate Eq. (26). In the legends of Figs. 1
and 2, “S” and “A” are related to the SERs, which are
obtained using computer simulations and analytical
results, respectively.

Fig. 3 shows TD in dB over AWGN channel for
SER = 107. It is obvious that the TD in ZF pre-coder is
the worst case, it is result of PAPR increment, which is
consequence of using ZF pre-coder, and it confirms our
theoretical analysis in previous subsection. Fig. 4 shows
the TD in dB over AWGN plus flat fading channel for
SER = 107, It is obvious that the TD in ZF pre-coder is
the worst case, it is result of PAPR increment, which is
consequence of using ZF pre-coder, which is confirmed
our theoretical analysis in previous subsection.

Fig. 4 shows the total degradation (TD) in dB over
flat fading channel for SER = 107. Similar to the
AWGN channel, the TD in ZF pre-coder is the worst

case. In flat Rayleigh fading scenarios, increasing useful
signal power increases the NLD noise. It can be seen in
Figs. 3 and 4, the TD in flat fading channels is less than
that of AWGN channels for all receivers. It is notable
that curves in Figs. 3 and 4 have two parts. In the first
part, by increasing the OBO, the TD decreases until it
reaches to its minimal value, and then in the second part
it starts increasing.

The TD can be derived theoretically using Egs. (23,
26) in the AWGN and flat Rayleigh fading channels,
respectively, for a given value of SER. Hence, the
minimal TD calculated by using theoretical results can
be used as the optimal OBO for the HPA in the
designing of HPA.

Our simulation results have shown that using the ZF
pre-coder results increasing the PAPR and more TD
relative to the case of without ZF pre-coder, which is
confirmed by both analytical and simulation results. It
results due to cancellation of the correlation among
spreading codes in the transmitter. In the next section, a
method for MAI cancellation is proposed without PAPR
increment. It is based on a joint estimation of channel
gains and the rows of the LDD operator. The proposed
method does not increase the PAPR of the transmit
signal unlike the ZF pre-coder. As well, it can cancel
MALI in the down link without knowledge about both
spreading sequences of all active users and calculations
of R™!, which are required for multi-user detection.

4 Joint Estimation of Channel Gains and LDD
Operator

As shown in the previous section, the ZF pre-coder
increases the PAPR of transmitting signals; it degrades
the TD, which is shown by analytical and simulation
results. In this section, a method is proposed for MAI
cancellation of MSs in the downlink scenario. This
method overcomes the problem of PAPR increase due
to using linear pre-coder in the transmitter. It is notable;
a simplified version of this method has been used partly
by authors for the CDMA systems, which uses
transmitter with multiple antennas and without presence
HPA in [21].In this paper, the channel gains are
estimated in the MSs with a period less than the
coherence time periodically. The proposed method is
based on a new joint estimation of channel gains and the
rows of the LDD operator. In the down-link scenario,
each MS knows only its own spreading sequence and
doesn’t have any knowledge about spreading sequences
of any other MSs, but the LDD operator which is given
by:
Dipp -R'CT @7
requires the knowledge of spreading sequences of all
other active users. Furthermore, even if a MS knows the
code matrix of all users (e.g. C) yet it needs to calculate
the inverse cross correlation matrix of spreading

sequences of all active users (i.e. R™"), which has high
computational complexity. Moreover, the MS has
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permission to detect only its own data while based on
Eq. (27) all the elements of the D,y can be calculated
in the MS, which jeopardize the communications
security for other users. As well, the user k requires only

row k of the Dypp,, which is denoted by (D, pp )k ., in

detected data symbol | of user k , which can be seen in

the following equation:

10°

¢ 0B0=20B,S

1 080348, S
10 A 0B0=408,S
+ 0BO=508,5

080=648, S

. X 0BO=78,S
10 b 080=808,S

SER

107

10°

0 0BO=
o 0BO=

4 Linear,
—0BO=
—0BO=

— Linear,

=2d8,A
=3d8,A
=4dB A
=5d8,A
=6d8,A
=7dB,A
=8d8,A

048, S
1d8,S

S
0d8,A
1d8,A

A

10-57777\777:\7
SNR

. ool 8] .
Fig. 1 SER performance of 'the ZF pre-coder in AWGN

channels for different values of OBO

PHE — 1= H IHIl— + H HH

¢ 080=

0BO=
A 0BO=
% 0BO=

0BO=
% Linear,
—080=
—O0BO=
—080=

080 =

_| |—08BO=

0 0BO=0dB,S
0 0BO=1dB,S

208,S
3d8,S
4dB,S
508, S
6d8,S
S

0dB,A
1d8,A
2dB, A
3d8,A
448, A

——0B0=5dB,A
A 0BO =6dB, A
—— Linear, A

Fig. 2 SER performance of the ZF pre-coder in flat fading
channel for different values of OBO

2 T T T T T T T T T °}
I I I I I I I I I
| | I | | | | I
. i i el Gt it ettt Sl w2 A
I I I I I I I I I
T O O [y B B N v B
I I I I I I I T I
I I I I I I | I I
F e e e U e e A el P il e B
I I I I I I I I I
I I I I I I | I
- I U e T T~ S I R
= I | I I I I I I I
7)) S\ VU Wy Iy
o | I I I I I I I
- | | | | |
8 — — R - — - ——{&D __
| | | | -6~ MMSE Detector| |
6 - - _—®—o v _ _1__ L __ _I__ _ |7ZFpecodng |+ _ _ _|
| I I | | I T |
I I I I I I I I I
e e e e e Bk T R I
I I I I I I I I I
| | I | | | | I |
L i B et et e Aty et et ety
I I I I I I I I I
0 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
0BO [dB]

Fig. 3 TD in dB for three receivers in AWGN channels
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Fig. 4 TD in dB for three receivers in flat fading channels

Vi [11=(Dion ), |A.01 CAb[IT+nTl],
where n'[I]1=(Dpp)

(28)

n[l]. To obtain (D, ), . in the

Kk, k,:
receiver, a new method is proposed in this paper, in

which the base station sends (D,pp), . to the MS

through a pilot signal periodically, whose period is
much greater than the symbol time since the number of
MSs varies much slower than the symbol time.
Moreover, the base station spreads the pilot signal for

transmitting (D, pp ), . using k™ spreading sequence.

This strategy cancels out the MAI, without any PAPR
increase in the transmitted signal due to the ZF pre-
coder. This strategy maintains the system security since
only the k™ MS can obtain the (D, ), for detecting its

data. The received pilot symbol is as follows,

r 1= AR, ®F +n'l], 29)

i i itot 71"
where r”"'[1]= [rop gl L [lﬂ . B =¢ (Do )k,:’
nfll=c, ®n[|] and ® denotes element by element

multiplications of two vectors. If A =1 then r"[I]
will be equal to B[I]JF, +n"[l]. The MAI in the receiver

can be cancelled out and channel gain effect can be
compensated by knowing B[I]F, . Fig. 5 shows the block

diagram of the proposed strategy for joint channel
estimation and LDD operator, in which Training
sequencey [I] denotes pilot symbol | of user k. The pilot
symbols, which can be used for estimation of the LDD
operator, have been sent in non-overlapping time slots.
Data sequences of active users have not been sent
during the transmission of pilot signals, hence each pilot
signal doesn’t have high PAPR, and so the pilot signal
is amplified linearly. Furthermore, the MAI is not
generated due to the transmission of pilot signals in
non-overlapping time slots.
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If the number of pilot symbols for each user
increases, the variance of N" in Eq. (29) is reduced,
hence a better estimation of (D gy )k . can be exploited.

Estimation error of (Dpp), . is reduced with the

expense of increasing the training duration from KT to
gKT, where q is the number of pilot symbol repetition
for the desired user. The number of pilot symbol is
repeated with period of variation number of users in the
network, which is much less than coherent time of
channel.

It is notable that the LDD causes noise enhancement
in the receiver side but this performance degradation is
negligible for SNR greater than 20 dB. As a result, the
SER performance of the LDD matches to that of MMSE
detector in high SNR region approximately. Whereas,

the SER performance degradation of ZF pre-coder due
to the increase of o, is observed in all values of SNR,

hence it is not negligible even in high SNR region. So
finding a solution is necessary for requirements of using
the LDD in the downlink scenario, which is need to the
knowledge of spreading sequences of co-users in the
MSs and simple receiver in MS side. The proposed
method in this section presents a solution for these
requirements. Furthermore, using the structure of LDD
avoids form PAPR increment due to using the ZF pre-
coder. The overall solution is using joint channel
estimation and LDD. Both LDD and ZF require
spreading sequences of co-users, while in the proposed
method need to the spreading sequences of co-users is
not necessary.

Training Sequence  [I] Al

HPA

o1

Training Sequence  [I]

of

BU)(Dyzp ), +1'()
{ %} >

Transmitter Module

Wireless Channel

Receiver Module

Fig. 5 Block diagram of proposed joint estimation of channel gains and LDD operator

The receiver estimates the channel gains in
simulation based on minimum mean square (MMSE)
estimator. Fig. 6 shows the SER performance of the
LDD receiver and our proposed strategy for joint
estimation of channel gains and the LDD operator for
different values of g over AWGN channel without using
HPA in the transmitter. It can be seen the performance
of the proposed method has only 0.3 dB loss in
comparison with the performance of the LDD in SER =
10~ with number of pilot symbol repetition of q = 4.
Figs. 7 and 8 show the SER performance of our
proposed strategy, which is joint estimation of channel
gains and LDD operator,with @ = 1 and q = 8§,
respectively, for different values of OBO over AWGN
channel. It can be seen, in the presence of HPA, the
proposed method with g = 8 has the same performance
of LDD for different values of OBO over flat fading
channels.

Fig. 9 shows the TD in dB of joint estimation of
channel gains and LDD operator method with q = 1 and
8 over AWGN channel on SER = 107, It can be seen the
TD of the proposed method is matched with TD of LDD
operator for g = 8. It is notable; TD performance shows
only effect of nonlinearity and do not show accuracy of
LDD operator estimation.

Fig. 10 is similar to Fig. 7, but the channel model
has been considered flat fading. It can be seen, the
proposed method in the presence of HPA with q =1 has

the same performance of the LDD for different values
of OBO over flat fading channels. Therefore, the multi-
user detection using LDD can be performed without
knowledge about spreading sequences and without
PAPR increase of the transmitted signal in comparison
with using ZF pre-coder.

Fig. 11 shows the TD in dB over flat fading channel
on the SER = 107 for our proposed strategy with joint
estimation of channel gains and LDD operator and with
g = 1. It can be seen the TD of proposed method is
similar to the TD of the LDD.

The mean square error (MSE) of the proposed joint
estimation of channel gains and the LDD operator is

defined as,
2
}, (30)

MSE = E[H(DLDD ). ~(Buoo ),
where (ﬁLDD )k_is k™ row of the estimated LDD

operator, E{-} denotes expectation operator and ||L||2

denotes square norm of matrix . Fig. 12 shows MSE of
the proposed joint estimation of channel gains and the
LDD operator over AWGN in terms of number of pilot
repetition g, for different values of SNR. It is obvious

that by increasing q, MSE of (D,gp), . estimation is

reduced.
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Fig. 14 Spectral efficiency in terms of required number of pilot symbol repetition for different number of active users in cell with
(a) variation of input traffic of 4, =10 user/sec, (b) 4, =20 user/sec, (¢) 4 =50user/sec and (d) 4, =100 user/sec

Fig. 13 is similar to Fig. 12 but the channel model is
considered Rayleigh flat fading, it can be seen in this
Figure, by increasing the SNR, MSE has error floor,
which is due to fading effect.

Now, the spectral efficiency of joint estimation of
channel gains and LDD operator method is defined,
which is:

_TIB 1 gKA4
(T R, ’ GD
where TIB and TTB are transmitted information bit and
total transmitted bit, respectively, also 4 and R, are

10

F———fr———T~— - I - - I - - - I - - - IT—-——T1= T
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Fig. 13 Mean Square error of joint estimation of channel gain
and the LDD operator in terms of training length over
Rayleigh flat fading channel
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variation rate of number of arriving user to the cell and
bit rate, respectively. Fig. 14(a) shows the 7 in terms of
the used number of pilot symbol repetition for different
values of active users in the cell with traffic variation of
A =10 user/secand R, =5 Mbps. It is obvious even
with g = 50 bits and k = 90 users, the spectral efficiency
is greater than 0.99. Fig. 14(b) is similar to Fig. 14(a)
with 4 =20 user/sec, it can be seen with g = 50 bits
and k = 90 users, the spectral efficiency is greater than
0.98. Fig. 14(c) and 19(d) are similar to Fig. 14(a) with
A =50 user/sec and 1 =100 user/sec, respectively.
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5 Conclusions

In this paper, the SER was derived analytically
considering the transmitter nonlinearity in a CDMA
system using a ZF pre-coder in the transmitter and a
simple matched filter in the receiver for AWGN and
slow flat Rayleigh fading channels. Egs. (23, 26),
derived analytically for the SER have good agreements
with the simulation results, hence the validity of both
equations is confirmed. Performance of the ZF pre-
coder was compared with that of LDD and MMSE
detectors without any pre-coder; the simulation and
mathematical analysis showed that for any value of the
SER the total degradation (TD) of the ZF pre-coder is
more than those of both the LDD and MMSE detectors.
Furthermore, an extended channel estimation method
was proposed. It is based on joint estimation of channel
gains and LDD operator, which can be used in the
down-link scenario of the CDMA system without
knowledge about spreading sequences of all active
users. The proposed method keeps constant the PAPR
of the transmitted signal, hence the SER performance is
similar to that of LDD. Moreover, our analysis showed
the loss in spectral efficiency of the proposed method is
negligible for practical values of the traffic variation.
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