ABSTRACT

GUNCAVDI, SECIN. Transmitter Diversity and Multiuser Precoding for Rayleigh
Fading Code Division Multiple Access Channels. (Under the direction of Alexandra-

Duel-Hallen)

Transmitter diversity in the downlink for Code Division Multiple Access (CDMA)
systems provides a means to achieve similar performance gains as for the mobile station
(MS) receiver diversity without the complexity of a MS receiver antenna array. Transmitter
based methods enable to shift signal processing to the transmitter where power and
computational complexity are more abundant, thus simplifying receiver units. We examine
feasibility of several transmitter diversity techniques for the Wideband CDMA (W-CDMA)
systems. We also investigate an optimal method to combine transmitter diversity and
precoding that achieves the gain of maximum ratio combining of all space and frequency
diversity branches.

Under severe channel conditions (i.e. multipath), the multiple access interference
(MAI) becomes the major source of performance degradation for direct sequence CDMA
(DS/CDMA) systems. This is because of the loss of orthogonality between the spreading
codes used by each user due to the multipath channel effects. To overcome this problem,
many receiver based multiuser detection (MUD) techniques have been proposed. These
techniques demand high computational complexity, power and knowledge of spreading
codes of all users. As a result, in the downlink of a CDMA system it is not feasible to employ
such methods at the MS. Alternatively, transmitter based techniques were proposed to shift

computational complexity and power consumption to the BS, where they can be afforded. It



was shown that these methods are very effective in removing the MAIL. Although these
methods are powerful, they are high in complexity since MAI cancellation filters need to be
updated continuously as fading coefficients vary. We propose a less complex method with
similar performance improvements. In the proposed method, the functions of multipath
combining and MAI cancellation are separated. Thus the MAI cancellation matrix does not
depend on rapidly time-varying fading coefficients. Transmitter diversity and multiuser
precoding can be combined to further improve the performance. Multiuser precoding
preserves the multipath diversity while removing the MAI. Extending multiuser precoding to
multiple antennas results in space diversity in addition to multipath diversity.

Both transmitter diversity and multiuser precoding require the knowledge of the
channel state information (CSI). The CSI can be estimated at the receiver and sent to the
transmitter via a feedback channel. To enable the studied adaptive techniques for practical
systems, we employ the long range prediction (LRP) algorithm, which characterizes the
fading channel using the autoregressive (AR) model and computes the Minimum Mean
Squared Error (MMSE) estimate of a future fading coefficient sample based on a number of
past observations.

Numerical, simulation and theoretical results are presented to show that transmitter
diversity and multiuser precoding can be used to remove MAI and achieve frequency and

space diversity through multipath channels and multiple antennas.
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Assume that the user’s bit is given by b with amplitude 4 . The bit energy is given by
Eyp. The spread signal is:
ss(t) = Abs(t) (5.10)

Then the transmitted signal in this case is:

L-1
Abhy__s(t = jT,) (5.11)

‘2 j=0

p(t) = ———
\h/
j=0

The received signal is:

{\,

-1L-1

H(0) = Wby, (e = (j+ DT.) + () (5.12)

ZV@V |
=0

I
(=}

Jj=0

The receiver employs a single matched filter, matched to s(t —(L —1)7.). Assume

that the spreading waveform is ideal. Then the instantaneous energy of the matched filter
output is given by:

L-1 2 2 L-1 2
H—”[Z‘h,‘ J = E,)Z‘hj‘ (5.13)
Mpf VR

J

j=0
The average SNR is:
L-1 )
EQ |n[)E,
SNR,, = —*—— (5.149)
0
Comparing equation (3.17) to equation (5.14), it is observed that pre-RAKE diversity
combining is equivalent to RAKE receiver with less receiver complexity.

The key assumption in applying the method described above is the knowledge of the

CSI at the transmitter. Filtering takes place before transmission and we assume that we know
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the channel coefficients of each path. Using inaccurate CSI results in performance
degradation.
5.6 Space-Time Pre-RAKE Transmitter Diversity Method (STPR)

As mentioned above, when Tx AA is used for the multipath fading channels, the
resulting system cannot achieve the optimum performance, i.e. it cannot achieve the gain of
the MRC of all space and frequency diversity branches [36]. This is due to the scalar weights
used by the Tx AA. We propose a space-time pre-RAKE method that optimally combines
multipath powers associated with all transmitter antennas using pre-RAKE precoding and the
appropriate scaling [37]. A similar method was independently investigated in [31,48], but the
analysis in these papers is significantly different. The block diagram of this technique is
given in Figure 5.10.

Assume we have a single user with M antennas at the BS and the channels between
the BS and the MS are frequency-selective with L paths. The spread signal is given in (5.10).
For antenna m, we filter the spread signal so that the transmitter pulse shape is:

1

L-1
— > Abh,, ., s(t=jT.) (5.15)

M -
I

k=1 j=

P, (1) =

h

where/,, is the fading coefficient corresponding to the j™ path of the m™ antenna. The

scaling factor keeps the transmitted power normalized and is included in py(t). The scaling

factor is the inverse of the sum of all instantaneous channel powers.

s, :[ >SS h, |2J (5.16)

The receiver employs a single filter matched to s(t-(L-1)T.). Assume that the

spreading waveform is ideal. The matched filter output is given by:
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Figure 5.10 Block diagram of Space-Time Pre-RAKE diversity combining
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[ fLZI| hy; & ]Ab +z(1) (5.17)

k=1 j=0

where z (t) is the filtered noise. The SNR is:

SNRgppp =220 (5.18)

This diversity system is equivalent to MRC with LxM diversity branches. The
probability of error is given by equation (3.18). This resulting BER shows that employing
this method, all frequency and space diversity branches can be combined.

5.7 Simulation and Numerical Results

A simulation environment based on the W-CDMA parameters described in Chapter 3
was created to evaluate the BER performance of the closed-loop transmitter diversity
schemes described above with 2 GHz carrier frequency, 60 mph vehicle speed, fsm=200 Hz,
4.096 Mcps chip rate, and the bit rate of 128 kbps [39]. Orthogonal codes are obtained using
the tree structure, explained in [39]. We assume that there is no estimation error at the MS.
The results are for a single user where multiple access interference is modeled as white
Gaussian noise. For the coded results, half-rate constraint length 9 convolutional coding is
used with generator polynomial parameters 561 and 753 in octal form. The minimum
distance of the code is 12. The interleaving depth is 10ms. The channels associated with
different antenna elements are modeled by the Jakes model with 9 oscillators [3]. For coded
data, MRC, no diversity and “Every bit” results are obtained by simulation using the prefect
CSI. For the simulations, p=50 and the observation interval of 200 samples are used to
compute the autocorrelation of ¢, (4.1). We utilize multi-step prediction to predict more than

one sample ahead [24]. For W-CDMA the sampling rate f; is chosen as the slot rate of 1.6
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kHz [39]. This results in at least 0.625 ms delay for calculating the CSI. The prediction
algorithm described in Chapter 4 is used to obtain predicted values of the current and future
channel coeffients in the next slot or block of slots, given the delayed channel samples. For
STD, these coefficients are used to choose the antenna with the largest received power. The
number of predicted samples depends on the switching frequency [23,24,38]. For Tx AA,
they are used to calculate the weights of each antenna. Finally, for STPR, they are utilized in
filtering the spread signal prior to transmission. Both Tx AA and STPR methods require the
knowledge of the CSI for every symbol transmitted. Since the CSI is fed back from the MS at
1.6 kHz, it is necessary to use interpolation to obtain the intermediate coefficients of the
channel. For these methods, the beginning of the current slot and the beginning of the next
two slots are predicted using the past values of the channel. Then these and past values are
used to compute the intermediate values for the next slot, so that the CSI at the transmission
rate is obtained.

In Figure 5.11, performance of Tx diversity aided by LRP is illustrated for uncoded
W-CDMA system. For flat fading channel with M=4 antennas, the Tx AA is used. The ideal
performance of Tx AA with perfect CSI is that of MRC with 4 branches, and the lower
bound on performance with LRP is given by (4.4). For the 4-path multipath channel, STPR is
utilized with M=2 antennas. Equation (4.4) with 8 branches provides a lower bound on its
performance with LRP. For STPR, the deviation from this bound is due to multipath induced
self-interference due to non-orthogonality between shifted signature sequences and non-ideal
interpolation of predicted channel coefficients. Simulation results for both Tx AA and STPR
without prediction are also included in Figure 5.11. When prediction is not employed, the

delayed CSI at the beginning of the previous slot is used during the next slot, and these fixed
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coefficients are used to calculate the weights and pre-RAKE coefficients associated with the
Tx AA and the STPR methods. It is observed that, for both cases, the performance with
prediction is near optimal, approximately equivalent to MRC with LxM diversity branches.
The gain due to accurate channel prediction is approximately 1 dB.

In Figures 5.12-5.13, simulation results are presented for coded systems with 2 Tx
antennas. Figures 5.12 and 5.13 compare STD methods for different switching frequencies.
Results for flat fading channel are presented in Figure 5.12. It is observed that significant
performance improvements (1-2 dB) are possible when prediction is used. For low switching
frequencies, antenna selection based on averaging predicted channel state information for the
duration of the future switching interval is utilized since it results in improved BER. The Tx
AA with perfect CSI provides a lower bound on performance of STD systems. Note that the
performance of STD with higher switching rate approaches ideal performance (STD Every
bit) and is very close to the performance of Tx AA with perfect CSI. Since STD is much
simpler to implement than Tx AA, it represents a very attractive solution for Tx antenna
diversity systems.

Figure 5.13 shows the comparison between the STD with RAKE receiver and the
STPR methods for a 4-path channel. The gain due to prediction is lower here than in figures
5.11-5.12 (around 0.5 dB). In general, as diversity gain due to multipath and coding
increases, the channel becomes less time-variant, resulting in reduced benefit of prediction. It
is observed that the STPR performs better than STD for all switching rates. The gain is
around 1dB gain for 1.6 kHz switching rate. Note that MRC with LxM branches is the lower
bound for all methods. Due to multipath-induced interference and prediction errors, the

STPR system cannot achieve its ideal BER given by the 8-path MRC.
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Figure 5.14 compares the BER performance of STPR and Tx AA with the RAKE
receiver [36]. Comparison of Figures 5.13 and 5.14 demonstrates that performance of Tx
AA is similar to that of STD, and that the STPR method significantly improves upon both Tx
AA and STD for multipath fading channels.

In the figures, the BER is calculated in terms of the received SNR per coded bit. This
SNR was evaluated theoretically for STD “Every bit”, no diversity and MRC curves, and
computed from simulations for other methods. The comparison in terms of the received SNR
per bit allows to compare directly the diversity advantages of various combining methods
over different multipath channels. It is observed that employing STPR with LRP achieves
near-optimal performance for a rapidly time variant multipath channel with transmission
antenna array. However, this gain is achieved at the expense of significant complexity. While
the feedback load is high, the RAKE filtering and prediction are performed at the BS, where
this complexity can be afforded. The Tx AA method can reduce feedback load and feed back
a single complex weight per antenna, provided that prediction and the RAKE receiver are
performed at the MS. Thus, the complexity at the MS is higher for Tx AA than for STPR.
Moreover, Tx AA does not provide significant performance gain over STD for a modest
number of antennas. The complexity of STD is the lowest since it only requires the feedback
of the antenna selection bits to choose the antenna with the greatest channel power. STD can
be easily combined with pre-RAKE, while still retaining lower complexity than STPR [31].
Thus, the methods described in this thesis provide a variety of performance/complexity trade-
offs, with STD being the simplest, but the least power efficient method, and the STPR

technique being more complex, and achieving near-optimal performance.

64



10

—¥— Tx AA No prediction
—— Tx AA prediction
107 L —— Tx AA prediction bound : |
Eo — 4-PathMRC  eennoainiiians SN \?r G ?\‘}\ =
[ | ~©- Space-time pre-RAKE No prediction |- oo e e
—- Space-time pre-RAKE prediction 2 iy ]
——- Space-time pre-RAKE prediction bound : \j‘\
r —— 8-PathMRC : o5 S
W e e e e e e
r S
................................................................................................................................................................................................... 3]
10’7 | i
0 5 10 15

SNR per bit (dB)

Figure 5.11 Simulated performance and theoretical bounds for long range
prediction, f3,=200Hz. Uncoded W-CDMA, Tx AA: 4 antennas, flat fading,
STPR: 2 antennas, 4 paths.
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Figure 5.12 Performance of the STD, flat fading channel, 2 transmitter
antennas, f3,=200Hz, coded W-CDMA.
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Figure 5.13 Comparison of STD, Tx AA and Space-time pre-RAKE,
2 transmitter antennas, 4 paths, f4,=200Hz. Coded W-CDMA.
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Figure 5.14 Comparison of Tx AA and Space-time pre-RAKE, 2
transmitter antennas, 4 paths, f3,,=200Hz. Coded W-CDMA.
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Chapter 6

Multiuser Precoding Techniques

6.1 Multiuser Precoding Background

The CDMA system is designed to support simultaneous high data rate users.
However, the multipath-induced MAI severely degrades the performance. The conventional
single user RAKE receiver [1] suffers when the orthogonality of the spreading waveforms
are destroyed due to multipath channel. The multiuser detection techniques explained in
Chapter 3 can be used to effectively cancel MAI, but they demand high computational
complexity and the knowledge of all users’ spreading waveform. These receiver based
techniques are not always feasible in the downlink of the CDMA system, because the power
restrictions of the MS don’t permit high complexity and all of the spreading waveforms are
not available at the MS.

Multiuser precoding techniques for the downlink shift the MAI suppression to the
transmitter, where it can be afforded. It was shown that these methods are very effective in
removing the MAI [42-46].

6.1.1 Multiuser Precoding for AWGN Channels

As mentioned above, MAI can be removed at the receiver using complex MUD
structures. As an alternative, additional filtering can be applied at the transmitter to
“precode” the transmitted data in order to eliminate this interference at every individual
receiver. Downlink CDMA system is an example of a system where these techniques can be
applied. The main point of linear multiuser precoding schemes is transmitting a linear

combination of all active users’ data instead of just the data. The decorrelation process
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removes multiuser interference in the received signal for each user. Multiuser precoding
methods have been previously proposed for the AWGN, flat and multipath fading channels
[42-43,45-46].

Transmitter precoding was originally proposed for AWGN channels in [42]. Consider
the synchronous downlink DS/CDMA model given in Chapter 3. The transmitted signal at
the BS and the received signal at the k™ receiver are given by equations (3.1,3.3). The
transmitted signal x(t) in matrix notation is given in equation (3.2):

x(t) =s"Ab 6.1)

where A = diag(A,) ., is the diagonal amplitudes matrix, b =[4,..b,]" is the vector of the

data bits of K users, and s =[s,(¢)..s, (¢)]" is the vector of signature waveforms. Assume that

the receiver at the k™ MS employs a filter, matched to the signature waveform of the k™ user.

Combining the outputs of these matched filters at K receiver sites, we get the output vector y.

=[y,(0)..y. O]
y =RAb+n
where R is defined in equation (3.11). and nky is a white Gaussian random vector with zero

mean and covariance matrix IxN,, denoted by n~ N(0,, I, N,) where O 1) is the column
vector of K zeros and Ik is the KxK identity matrix. MAI is defined by the R matrix.
Conventional multiuser techniques use algorithms to manipulate the received signal to
minimize the effects of this interference. Consider a linear combination technique at the BS,
so that the matched filter output at the MS will be less affected by MAIL. Suppose a linear

transformation matrix T will be applied to the transmitted data. Then the transmitted signal

will be:

¥(t) =s"TAb (6.3)
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where T is a KxK matrix. The output of the matched filters of the receivers is given by:
y =RTAb+n 6.4
We want to choose T such that the mean square error is minimized. If we apply the
MMSE criterion to the mean-squared error J defined by:
J=b-ylf (6.5)
It is shown in [45] that the optimal solution minimizing this error is given by:
T=R" (6.6)
So that y=b+n. As a result multiuser interference is eliminated and the reception is
converted into a single user detection problem. This result is obtained with the trade off

caused by transmission energy increase. The energy of the transmitted signal is given by:

E,, = E[[[¥()[ di]
E,, = E[[((s"TAb)"s"TAb r]

(6.7)
E, = E[(Ab)TTT([sssz)TAb]
E, = tr(E[T(Ab)(AD)1)
using (3.11), (6.6) and R™ =R™" . Then we have
E,, = t(TAE(bD)AT), = t(TAAT)
(6.8)

K
E,. =2 AR
k=1 ’
using E(bb") =1, since E(bb,)=0, kZi. R is the k™ diagonal element of the

matrix R™'. Thus the ratio of transmitted power with precoding to power without precoding is

[45]:
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o EROfar Y 4R,
=% =4 (69)
A O K R I

As a result, to keep the transmitted power constant relative to the system without

precoding case, the transmitted power should be scaled byS,. Then the modified

transformation matrix will be T =S fR_l. The instantaneous BER of the k™ can be found

using the BPSK probability of error [1] and is given by [45]:

S’ A
P oy =0 N (6.10)

o

This probability of error is equivalent to a BPSK system with AWGN, where the

amplitude of the bit is scaled by S, . Figure 6.1 presents an example for this probability of

error. We assume 4 users with non-ideal spreading sequences. Spreading sequences have
high crosscorrelation, Rj,=0.3, R;3=0.4, R4=0.5, R»3=0.3, R24=0.4, R34=0.3. The plot shows
the BER of user 1. It is observed that the conventional transmitter without precoding results
in high MAI, hence high BER. Precoding removes the MAI and the resulting performance of

the system approaches the lower bound, given by the single user curve.
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Figure 6.1 BER of user 1 in AWGN Channel With and Without
Precoding. 4 Users, uncoded.
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6.1.2 Multiuser Precoding for Flat Rayleigh Fading Channels
Now consider the downlink of a K-user system in a flat Rayleigh fading (frequency
non-selective) environment [43]. The transmitted signal is given by equation (3.1). Then the

received signal at the k™ MS will be:

1) = h (Ox(2) + n, (1) (6.11)
where 4, (1) = h,0(¢) is the complex impulse response corresponding to the channel between
the BS and the k™ user, /4, is the complex Gaussian channel coefficient. Then the received
signal is given by:

r=Cs"Ab+n (6.12)
where n~ N(0 ), I, N,)and C =[h(t)..h(t)]". Assume that the receiver at the k™ MS

employs a filter, matched to the signature waveform of the k™ user. Combining the outputs of

these matched filters at K receiver sites, we get the output vector y.

y =C”’CRAb+n (6.13)
where C =diag(h, ). . Employing the precoding matrix T at the transmitter, as in the
AWGN channel case, results in the output vector y:

y =C"CRTAb+n (6.14)
and the optimal solution is again T = SfR_l [43]. The resulting output is:

y= SfCHCAb +n (6.15)

The scaling factor S, is the same as the AWGN channel case, given by (6.9). The

instantaneous bit error rate of user k associated with this decorrelation conditioned on the

fading coefficients is [1]:
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Figure 6.2 BER of user 1 in flat fading channel with and without precoding.
4 users, uncoded.
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o Al
Py, (€)= O([S7[h] " (6.16)

Averaging over the probability distribution of 4, , we get [1]:

1 Iz
PFlutFading = 5(1 - ﬁj (6.17)
k
2 2

where J, = gN L E( h, ') is the average SNR.

o

This probability of error is equivalent to a BPSK system with Rayleigh flat fading,

where the amplitude of the bit is scaled by S, . Figure 6.2 presents an example for this

probability of error. We assume 4 users with non-ideal spreading sequences. Spreading
sequences have high crosscorrelation. The plot shows the BER of user 1. It is observed that
the conventional transmitter without precoding results in high MAI, hence high BER.
Precoding removes the MAI and the resulting performance of the system approaches the
lower bound, given by the single user curve.
6.1.3 Multiuser Precoding for Frequency-Selective Channels

Under ideal channel conditions, DS/CDMA is able to sustain many simultaneous high
data rate users. However, in practical conditions, CDMA systems face a combination of
channel effects and MAI. Even if the system is constrained to be synchronous and the
spreading waveforms are designed to be orthogonal, the multipath nature of the channel
destroys the orthogonality between the received signals. As mentioned above, complex
receiver based structures are not practical for downlink of CDMA. Multiuser precoding with

a similar approach to AWGN and flat fading cases can also be applied to frequency-selective
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channels. Previously proposed multiuser precoding for multipath channels can be classified
as multiuser precoding with the RAKE receiver and without the RAKE receiver.
6.1.3.1 Multiuser Precoding with the RAKE Receiver

Consider the downlink of the synchronous CDMA system described in Chapter 3.
The received signal is given in (3.5). When the k™ MS employs the conventional RAKE
receiver to combine the channels arriving with different delays, the output of the RAKE

receiver with MRC can be expressed as:

L-1T+IT;
Ve =, | hgr @)s (1 = 1T, )dt (6.18)
=0 r,
Define:
R, (D)= [ 5,()s,(¢ ~IT,)dt k,j=1.K 1=0.L-1 (6.19)

—00

Then the decision variable for the k™ user can be written as:

L-1 K L-1
Ve = ZZ bjAthnhkle,j (I=n)+n, (6.20)
n=0 j=I [=0
where,
L-1® .
= Z Ihklnk (t)s,(t —IT,)dt , with zero mean and variance:
=0 —0
L-1L-1 .

var(r, ) = Nozzhknhkle,k (n=1) (6.21)

n=01[/=

Then using the matrix notations, all RAKE outputs at all K receiver sites can be expressed as:

L-1L-1

h” (n)h(H)R(I - n)Ab + @i (6.22)
>

n=01[=

y:

where h(l) = diag(h,..hy,) o » B =[7,..7, |5, and R(I —n) = {R, ;(I = n)} - Further define:
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R = S Lz_ihH(n)h(l)R(l - 1) (6.23)

n=0 1=

Then:
y = RAb + (6.24)
As before, we want to insert a filter T at the transmitter, so that J =||b—y|[ is

minimized for y = SflflTAb +n. It is shown in [45] that the optimal solution minimizing this

error is given by T = R™'. The power scaling factor is:

DA
S, = |7—— (6.25)
YA (RTRR™),,

k=1

where Ris the crosscorrelation matrix of signature waveforms, such that the element in the
k™ row and p™ column is given by (3.11). The solution matrix T requires the accurate CSI
and the matrix inversion is repeated at the rate the CSI varies. The MS is required to have the
RAKE receiver, which results in a highly complex method. The probability of error of the k™

user in the j" bit interval is given by:

22
R,=0 = (6.26)
k,j L-1L-1 *

Nozzh;nhkle,k (n - l)

n=01[=
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6.1.3.2 Multiuser Precoding Without the RAKE Receiver

As an alternative to the multiuser precoding with the RAKE receiver, a new technique
that doesn’t require RAKE receiver processing is proposed in [46]. Instead of transmit data
filtering, the transmit waveforms are modified. The purpose of a decorrelating prefilter is to
filter each transmit signal in such a way as to minimize the MUI and multipath fading at all
mobile receivers. It is assumed that fixed spreading codes are used for each user and
receivers are only allowed to have single matched filters. Instead of filtering the data by
blocks as done previously, the proposed technique applies a filter to the signal to be
transmitted for each user. The multipath component resolution available from spread
spectrum coding can still be exploited. The filtering is done at the chip level and
computation is limited to a single symbol at a time.

Consider the synchronous CDMA system investigated with K active users and the
each channel between the BS and MS’s is frequency selective that results in L resolvable

multipath components. Then the received signal at the k™ receiver is:
K
()= Abs (1) Op,(t) Oh (£) + n, () (6.27)
j=1

where p;(#)is the impulse response of the prefilter with length N for user j, 7,(¢)is the

impulse response of the channel between the BS and k™ user and Llis convolution. The main
idea is to design p;(¢) for each user such that the interfering signals of the other users are
orthogonal to the desired user at the output of the matched filter. The approach taken here is
to design the prefilters that maximize the SNR at the receiver while simultaneously

completely canceling the MAI at the sampling time due to other users’ transmission in that

symbol period. This method is not a strict error probability minimizing scheme, but rather a
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zero-forcing simultaneous multiuser interference rejecting and channel pre-equalization
method.
Consider the discrete-time equivalent to the matched-filter output (matched to si(t)) at

the receiver of user k, for a single symbol transmission. The output is given by:

Viln]= iblA,S,[n] Up,[n]) Ok, [n]Os, [T — n] + n,[n] n=tT/T, (6.28)

=1
where T is the number of samples per symbol and []is discrete-time convolution. Assuming

sampling at chip rate, T is also the spreading factor. To simplify, let:

a;[n] = s,[n]Uh;[n]Us [T = n] iLj=1.K (6.29)
Then
yiln]= ib,A,p,[n] Uay [n] + m, [n] (6.30)

The optimization problem is given by:

max(p,[n] Uay[n]) =7, (6.31)
subject to constraints:
(p[n]0ay[n) 1,7, =0 Ol#k and [[p, Us; |=1 (6.32)

where Ty is the decision sample and ||[J] is two-norm. These constraints are required for
zero-forcing solution and normalized transmit power. The solution is found by solving for

two-norm vector j)k satisfying:

anlT,]  anylT, =11 .. auylT, - N +1]
T, . -1 . I —N+1
LawlT,] all, —11 .. aylT, -N+1]]

Ay
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where d, is an all-zero vector except for a unity entry at position k. This equation is solved

using the inverse of Ak, and a solution is guaranteed to exist as long as the length of the
prefilter N = K . For normalization, the signal transmitted for user k must be scaled by:

S, =11ls; Op, | (6.34)

Then the instantaneous probability of error for user k is given by:

_ A
e Q[\/ N, Ils, Op, If ) (©33

where||s, Up, || is referred as the power penalty factor. This factor is identical to a noise

enhancement factor in receiver based decorrelators. The solution given in [46] requires the
imnversion of a KxK matrix for N=K. The elements of this matrix include the CSI, so accurate
knowledge of the channel characteristics is necessary and recalculation of the inverse matrix
is required at the rate of the channel fading. Although this method is less complex than the
method [45] described above, it is highly dependent on the channel state information. Both of
the methods in [45] and [45] perform similar to receiver based multiuser detection schemes.
In general, these methods are highly dependent on the crosscorrelation and autocorrelation of
the signature sequences used but the overall performances are comparable to RDD and
MDD, as presented in the numerical and simulation results.
6.2 Pre-RAKE Multiuser Precoding for Frequency-Selective Channels

It was shown in section 5.5 that the pre-RAKE filtering eliminates the need for the
RAKE receiver, while preserving multipath diversity. For the multiuser case, we can take
advantage of this feature to design a transmitter structure to cancel MAI prior to transmission
and the receiver employs a single matched filter. Depending on where the precoder is placed

in the transmitter, we get two different schemes.
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6.2.1 Pre-RAKE Multiuser Precoding with CSI Dependent Decorrelation (Pre-RDD)
This method employs a decorrelator at the transmitter along with pre-RAKE filtering
for each user. We call this technique “Pre-RDD”, because it has very similar structure to
receiver based RDD described in section 3.2.5. Refer to Figure 6.3 for the block diagram of
this method. Consider the downlink of the synchronous DS/CDMA system with K active
users. Each channel between the BS and MS’s is frequency selective with L resolvable

multipath components. Then the transmitted signal x(t) at the base station will be:

x(t) = S,SC"TA'b (6.36)

L-1
where, T is the KxK precoding matrix and A'= diag{ Z|hkl|2} A . The pre-RAKE
KxK

=0

weighting matrix is given by:

hy 0 .. 0
0 h, ..

c” = 2 0 (6.37)
0 0 hK KLxK

Andh, =[h ol ,_];,,is the channel state information vector for the k™ user.
S =[s/,...s; ], is the spreading filter and s, =[s, (¢ — (L — l)TC)..sk(t)]iL .

The resulting signal after spreading is scaled by St to keep the total transmitted power
normalized. The receiver at the MS of the k™ user employs a filter matched

tos, (t —(L—1)T.). The output vector of matched filter bank, y, can be expressed in matrix

notation as:

y=5,RTA'b+n (6.38)
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Figure 6.3 Pre-RAKE Multiuser Precoding with CSI Dependent Decorrelation
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where n~ N(0 ,,,I,N,)and the K x K matrix R is the correlation matrix that can be
defined by its elements as:
R, =Ry ;h), i,j=1.K (6.39)

where, R, ,is the i,/ LXL block of R.

R = [ 170085 OF [T (0)...5% (1)1

IT, KLxKL

[=0,.,L-1 (6.40)
For the zero forcing solution, T = R . Then
y=S,A'b+n

The average energy of x(t) is found by:

E,, = E[[|x()f dr = E[[ (S3(A'b)" T'CS"SC"TA'b Jar]

E == E[Sj(A'b)TTT([(csTscH)dt)TA'b] (6.41)
UsingICSTSCH xT=1I and T=T", we have:

E,, = E[S2(A'b)' TA'b] = tr(E[S(A'b)" TA'b])

K
E,, = (2 TA E®b)AT )= t{S2TA A" )= Y E, R}, (6.42)
k=1
K K
where E(bb") =1, and E,, = Z E, = ZA,f /2. Then the scaling factor is given by:
k=1 k=1
K
> 42
S;=—"% (6.43)
2
A
27120 R«
2
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Note that, for ideal spreading sequences, the scaling factor reduces to pre-RAKE
scaling. The instantaneous bit error rate of user k associated with this precoding, conditioned

on the fading coefficients is:

SHX Iy )4
P (0= 0 | — (6.44)

o

When we compare this method with the RDD receiver, we see that both methods are
structurally the same. They have the same decorrelating matrix. However, the noise
enhancement factor for the k™ user, given in equation (3.30) depends only on the (k,k)™
element of the decorrelating matrix. For the pre-RDD structure, the scaling factor depends
on all diagonal elements and all users’ energies.

6.2.2 Pre-RAKE Multiuser Precoding with CSI Independent Decorrelation (Pre-RAKE
Multiuser Precoding)

The transmitter precoding techniques investigated in sections 6.1.3.1, 6.1.3.2 and
6.2.1 integrate the knowledge of channel gains into their multiuser pre-decorrelators. These
methods would be difficult to implement in mobile radio systems where channel parameters
are rapidly time-variant, since multiuser decorrelating would require the inversion of a matrix
at the rate of the channel fading, whose elements involve channel coefficients. Also, the
technique proposed in section 6.1.3.1 requires a RAKE receiver at the MS. We propose a
significantly simpler linear transmitter scheme by separating the functions of pre-RAKE
filtering and multiuser precoding. With this technique, multiuser decorrelating is independent
of channel fading and the mobile stations employ single matched filters instead of RAKE

receivers.
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Figure 6.4 Pre-RAKE Multiuser Precoding with CSI Independent Decorrelation
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This method is similar to the pre-RDD method, but in this case, we change the order
of pre-RAKE filtering and decorrelation. Figure 6.4 presents the block diagram of this
technique. Consider the synchronous downlink DS/CDMA system with K users and L-path
frequency-selective channel for each user. First the transmitter applies the pre-RAKE
filtering. The linear multiuser pre-decorrelating filter G processes the outputs of these filters
and the resulting signal is spread using the spreading filter S. Output of the spreading filter is
sent out to all mobile stations. The transmitted signal is then given by:

x=5,8GC"A'b (6.45)

where A'=S Ais the scaled version of the diagonal amplitudes matrix A . The pre-RAKE

scaling matrix S is given by:

. 1 _ w172
S, = diag| ——1 = (cc”) (6.46)
2|
=0 KxK
C" is the pre-RAKE weighting matrix given by:
h; 0 0
0 h, ..
c’ = : (6.47)
oo 0
O 0 h*K KLxK

where h, =[h ,..h,,,]". G is the KLxKL multiuser precoding matrix and output of the

precoder is spread using:
S=[s;Sxlixr S = [s, (t-(L- l)Tc)-'Sk (t)]le (6.48)
The resulting signal after spreading is scaled by S, to keep the total transmitted

power normalized. The receiver at the MS of the k™ user employs a filter matched
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tos, (t —(L—1)T.). The output vector of matched filter bank, y, can be expressed in matrix
notation as:

y= S/.CRGCHA'b +n (6.49)
where n~ N(0,,,I,N,)and the KL x KL matrix R is the correlation matrix that can be

defined in terms of its sub-matrices {Ri, k}m Ui,k O{l,..,K}, with elements:
Rf:,;" = J.s[(t -(L-1+1-m)T.)s, (t —(L-1T)dt, m,/[0..L —1] (6.50)

For the zero forcing (also MMSE [42]) solution, the decorrelating filter is chosen to be:
G=R" (6.51)
So that, at the receiver, the output of matched filter bank of all users (conventional detectors)
is:
y =S,CRGC"A'b+n
=s,cc’(cc”)"*Ab+n (6.52)
=5, (cc”)?Ab+n
As seen from equation (6.52), the decorrelating filter G removes all multipath-
induced interference and allows frequency diversity combining at the BS, resulting in simple
matched filtering at the mobile. Moreover, the decorrelating matrix depends only on the
signature sequences and the number of multipath components, not on channel gains. Thus
the matrix inverse does not have to be updated as channel gains vary at the fading rate. Pre-
RAKE coefficients and scaling factors are updated for each symbol transmitted (assuming
channel is constant during one bit interval). The main requirement of this scheme is to be

able to implement the pre-RAKE filter, which requires the knowledge of the CSI.
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K
To be able to normalize the energy to E = Z E, , we need to calculate the energy of

k=1

the output signal. The average transmitted energy can be found using a technique similar to

section 6.1.1. The transmitted signal is given by:

x(1)=S,SR™'C"A'b (6.53)
In general, for K users and L paths, the energy is:
E,, = ELJ|x()] d]
— 2 [} T TaT H A
E,, = E[[ (2 (A'b)" CG'S™SGC" A'b ] 654
E, = E[S; (A'b)TCGT(f (STS)dt)GCHA'b]
Using (6.50) and (6.51), ISTS xG=1I and G =G’ , we have:
E,, = E[S2(A'b)’ CGC" A'b] = tr{E[S2 (A'b)’ CGC" A'b])
E,, =r(S2(CGC"A E® (A') )= (52 (CGC)A'(A)') (659
A2 K K
where E(bb")=1,, A'(A") =diagl—* k=1.K, and E, =) E =D 4/2.
2 —_ —
Z|hkl| k=1 k=1
=0 KxK
Then the scaling factor is given by:
K K
D 4;2 D422
SZ — k=1 = k=1 (6.56)

Where (CGCH )k, . is the k™ diagonal element of the KxK matrix CGC" .
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As seen from the equations, the scaling factor depends on the users’ powers and
channel coefficients. This is because the multiuser precoding matrix incorporates a
combination of the amplitudes and channel coefficients into the output matrix. Intuitively, as
the crosscorrelations of the users increase, we need to put more power into the system to
suppress the interference. So as the other users’ power increase, the scaling factor gets
smaller to compensate. The compensation is proportional to the contribution of the other

users, which is represented by the R matrix. For the k™ user, the output of the matched filter

L-1
v =S, D Il Ak, + (6.57)
=0

Then the instantaneous probability of error for user k is given by:

P :Q[ \/(;Vl’k'zjs'?%} (6.58)

Note that, for an ideal system, where there is no MAI, this probability of error is

at the receiver is given by:

equivalent to MRC with L-order of diversity. The performance degradation is introduced
with S¢, based on the correlation properties of the spreading codes used.
6.3 Space-Time Pre-RAKE Multiuser Precoding for Frequency-Selective Channels
(STPR MUP)

Similar to the method used in section 5.6, the pre-RAKE multiuser precoding method
can be extended to multiple antennas to obtain space gain. The purpose of STPR MUP is to
achieve all available multipath and space diversity while removing the MAI at the

transmitter. The block diagram of this method is given in Figure 6.5.
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Consider the K user CDMA system, where the BS employs M transmitter antennas
and each channel associated with each antenna is frequency-selective Rayleigh fading with L
paths. All paths of all channels are assumed independent. Then each MS receives signals
from LxM paths.

The impulse response of the channel between the m™ antenna and the k™ MS is given

by:
L-1
B (6) =Y hd(t =IT,) (6.59)
=0

m

where 4, is the complex Gaussian channel coefficient corresponding to the I"™ multipath

component of the channel between the m™ antenna and the k™ user.

Assume that antenna-specific pre-RAKE filtering and precoding are applied before
transmission at each antenna. Then the transmitted signal at the m™ antenna is given by
(ignoring scaling):

x, () =SG,CAb (6.60)

where, Gy, is the KLXKL precoding matrix for the m™ antenna. The pre-RAKE weighting

matrix for the m™ antenna is given by:

W 0 . 0

cr=| 0 Mo 6:61)
: : .0
0 . 0 hr| .

where h}' =[A",..h",_ ]}, is the channel state information vector of the m™ channel of the k™

user. Assume all of the antennas transmit synchronously. Each transmitted signal goes

through the corresponding channel and the resulting signals are superposed at the antenna of

92



the k™ MS. The receiver of the k™ MS employs a filter matched to s,(t — (L —1)T.). The

output vector of matched filter bank for all K users can be expressed in matrix notation as:

M
y =Y (C,RG,ClAb) +n (6.62)

m=1
where n~ N(0, ,,,I,N,) and the KL x KL matrix R is the correlation matrix given in
equation (6.50).
Note that we can write the output as a sum, because the spreading codes and user

bits/energies are common to all transmitted signals. This sum can also be written as a single

matrix product.

y = CRC” Ab (6.63)
where,
Ciwv =€ C, . Cy] (6.64)
RG, 0o .. 0
— 0 RG, : :
Rxwmkine =| _ ) _ (6.65)
0 0 . RG,

For the zero forcing solution, we should have R =1,,,i.e.G=G, =R™". Note that scaling

is necessary to keep the transmitted power normalized. As with a single antenna case, scaling
is performed in two steps. First stage takes care of the pre-RAKE filtering and the second
stage is for the power increase due to precoding. The scaling factors for each antenna should
be identical to be able to use superposition. The scaled version of the users’ bit energies is
given by:

A'=S A (6.66)
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- (CcH)—l/Z

(iL - (6.67)
m=11=0 " KxK

S; = k=l (6.68)

where (CmGCZ )k’ , 1s the k™ diagonal element of the KxK matrix C, GC. Then the scaled

output is given by:

1/2

y=5,(cc”)Ab+n (6.69)

For the k™ user, the output of the matched filter at the receiver is given by:

M L-1 2
=S, > |mil A, +n, (6.70)

m=1 [=0

Then the instantaneous probability of error for user k is given by:

:Q[\/Lﬁ IL; i } ZJ (6.71)

Note that, for M=1, the system reduces to the single antenna pre-RAKE multiuser

precoding. For ideal spreading sequences, the system reduces to space-time pre-RAKE

transmitter diversity, with MRC diversity of the order LxM.

94



6.4 Numerical and Simulations Results

BER performance of Rx based MUD schemes described in section 3.2 is compared to
the performance of Tx based methods described in sections 6.1-6.3. The models associated
with uplink and downlink are different, as described in section II. However, all of these
methods are zero forcing linear detectors. Noise enhancement of Rx MUD through
decorrelating is analogous to the transmission power increase of Tx precoders. Both Rx and
Tx based methods require the knowledge of signature waveforms all of users but don’t
require the individual users’ energies. As a result, these methods are more suitable at the BS
and given the analogy, we can evaluate the performance of the Tx precoders compared to the
performance of Rx based decorrelators.

Numerical analysis is used to evaluate the theoretical BER of the methods described
above. We assume perfect channel information of all users at the BS and the MS. No error
control method is employed. Channels associated with each user and the paths for each
channel are independent from each other and each fading path is assumed to have Rayleigh
fading statistics. Actual orthogonal spreading codes of W-CDMA [39] are used. Each method
is scaled properly to ensure equal total transmit powers and fair comparison. MRC in the
graphs is evaluated analytically based on [1], which provides the optimal performance and
the lower bound for any given scheme of the same order of diversity because it uses perfect
CSI and is not affected by multipath interference. The order of diversity for each graph is
given by the number of paths times the number of antennas for each user. The RAKE
receiver and space-time pre-RAKE transmitter diversity curves in the graphs are found by
simulation for the downlink assuming perfect channel estimation at the MS. The precoding

method with the RAKE receiver described in [45] is labeled as “precoding+RAKE” and the

95



prefilter method described in [46] is labeled as “prefilters no RAKE”. The precoding method
described in section 6.2.1 is labeled as “pre-RDD”. It is assumed that MDD and RDD are
employed at the BS for the uplink, the RAKE receiver, space-time pre-RAKE transmitter
diversity, prefilters no RAKE, precodingtRAKE, pre-RDD, pre-RAKE multiuser
decorrelator and space-time pre-RAKE multiuser precoding are employed for the downlink.

Figures 6.6-6.8 present the numerical results for RDD, MDD, prefilters no RAKE,
precodingtRAKE, pre-RDD, pre-RAKE multiuser precoding, space-time pre-RAKE
multiuser precoding and simulation results for space-time pre-RAKE transmitter diversity
and RAKE receiver. RAKE receiver is employed at the MS with the number of fingers equal
to the number of paths. Outputs of the correlators are optimally combined to generate the
decision metric.

Figure 6.6 presents the BER of user 1 for the 2 path 8 users case with 16 chip
spreading. Number of users and paths results in high MAI as seen from the RAKE receiver
performance. This graph shows the effectiveness of MUD. For this case, Tx and Rx based
MUDs perform similarly, pre-RAKE method being equivalent to precoding+RAKE, pre-
RDD, RDD, prefilters no RAKE being equivalent to MDD.

BER of user 1 for the 4 path 8 users case with 32 chip spreading is given in figure
6.7. In this case, high number of users and paths results in significant MAI as seen from the
RAKE receiver performance. In the previous figures, it was observed that the prefilters no
RAKE and precodingtRAKE methods performed similar to RDD and MDD methods.
However, in this case a different result is observed. The increase in the number of paths
results in divergence of the curves with the Tx based methods. Although they are still close

to each other, precoding+RAKE performs better than prefilters no RAKE and pre-RAKE
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precoding. The performance of pre-RDD is equivalent to precodingtRAKE. BER
performance is improved by all MUD methods despite different results. The lower bound of
multiuser detectors is given by RDD.

The comparison of space-time pre-RAKE transmitter diversity with space-time pre-
RAKE multiuser precoding for 2 antennas, 2 paths and 2,8 users is given in Figure 6.8. When
no multiuser precoding is applied, the resulting system is equivalent to the STPR system
described in section 5.6, with 2 and 8 users. The detection assumes single user, as a result
significant MAI and self-interference are observed. STPR with multiuser precoding removes
this interference, improving the performance. The optimal diversity is given by MRC of
order 4, which is the number of paths times the number of antennas. With the application of
the multiuser precoding, the performance of the system approaches this bound. As observed
from the figure, 8 users result in higher interference than 2 users.

In a more realistic communication environment, the CSI is not known prior to
transmission. To evaluate these methods using long range prediction, a simulation
environment based on the W-CDMA parameters was created to evaluate the BER
performance of the schemes described above with 2 GHz carrier frequency, 60mph vehicle
speed, 4.096 Mcps chip rate. The data was uncoded. For the simulations, we assume 512
kbps data rate for spreading factor of 8. Results for 2-user, 2-path are presented in figure 6.9.
Prediction is employed for precoding+RAKE, prefilters no RAKE, pre-RDD and the pre-
RAKE multiuser precoding method. The RAKE receiver, MDD and RDD assume perfect
knowledge. We assume a single antenna system, where the frequency-selective Rayleigh
fading channels experienced by the users are modeled by Jakes model. We assume perfect

power control, so that both users transmit with the same power. Scaling factor computed
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from the simulation is used at the BS to keep the transmit power normalized for all Tx based
methods. We assume that there is no estimation error at the MS and this perfect channel state
information is fed back to the BS at the end of each slot (1.6 kHz). The BS receives this
information with a 0.625 ms delay and performs prediction. For comparison purposes, the
optimal diversity case (MRC) and the conventional RAKE receiver are also included in the
graph. The x-axes is based on Ey/No, which is the SNR for any user. Pre-RAKE precoding,
pre-RDD and prefilters no RAKE methods employ a single matched filter. Precoding+RAKE
method employs the RAKE receiver at the MS.

For this particular system, 8 chip spreading sequence results in significant
interference for high SNR. For low SNR levels, conventional RAKE receiver performs close
to RDD, however, for high SNR levels, the BER diverges and other methods have better
BER than the RAKE receiver. The effect of prediction is also observed from the figure. We
can clearly conclude that these methods are highly dependent on the CSI at the instant of
precoding. Using delayed CSI results in 1dB loss in BER performance.

For any practical system that requires the CSI at the transmitter, using the delayed
CSI results in performance degradation. Employing the LRP improves the BER performance.
The improvement depends on the order of diversity achieved by the method used and it is
between 2-1 dB.

From the numerical and simulation results, it is observed that Tx based methods
perform similarly and they are close to Rx based methods. For the Tx methods, the
performance is dependent on the particular code selection and the number of paths. All
methods reduce the effects of MAI under severe conditions. Although the performances of

these methods are similar, the level of complexity is not the same. Precoding+RAKE method
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has the highest complexity, since it requires the RAKE receiver at the MS and the matrix
inversion required for precoding is dependent on the channel conditions. This matrix
inversion is performed at the rate of channel variation. The prefilters no RAKE method and
pre-RDD are relatively simpler, requiring a single matched filter at the MS, however the
matrix inversion based on CSI is still necessary. The pre-RAKE multiuser precoding method
proposed in this thesis is the simplest of all. Matrix inversion is not dependent on the CSI and
a single matched filter is required at the MS. Only additional processing is the pre-RAKE
filtering and channel prediction. Multiuser precoding filter is computed once; only the pre-
RAKE filter and scaling are updated to keep track of the time-varying channel coefficients.
When the pre-RAKE multiuser precoding method is compared to the Rx based
detectors, although the feedback load is high, the pre-RAKE filtering, multiuser precoding
and prediction are performed at the BS, where this complexity can be afforded. The MS is
significantly simplified by not employing the RAKE receiver and the power requirement is

less, due to better BER performance.
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Chapter 7

Conclusions and Summary

This thesis has concentrated on closed-loop transmitter diversity and multiuser
precoding for frequency-selective Rayleigh fading channels, assisted by the long range
prediction algorithm. We mainly focused on the space-time pre-RAKE transmitter diversity
and pre-RAKE multiuser precoding.

In the first half of the thesis, we compared the performance of several open-loop and
closed-loop transmitter diversity techniques for Rayleigh fading channels. We introduced a
Space-Time Pre-RAKE transmitter diversity method and compared it to Tx AA and STD
methods. This method alleviates the need for the RAKE receiver at the MS and its ideal
performance achieves the gain of MRC for all space and frequency diversity branches.

Closed-loop methods require the knowledge of the CSI at the Tx. However, in
practical systems the CSI is not available at the time of transmission. This results in
performance degradation. The LRP algorithm was employed to predict the CSI to improve
the performance of these methods, based on past observations, fed back from the MS. The
superior performance of this algorithm relative to conventional methods is due its low
sampling rate (on the order of twice the maximum Doppler shift and much lower than the
data rate). Given a fixed model order, the lower rate results in longer memory span,
permitting prediction further in the future. Simulation results with actual W-CDMA
parameters are presented. The simulation, numerical and theoretical results show that, the
STPR method has better performance than STD and Tx AA for multipath channels.

However, this gain is achieved at the expense of significant complexity. While the feedback
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load is high, the pre-RAKE filtering and prediction is performed at the BS, where this
complexity can be afforded. The Tx AA method can reduce feedback load and feed back a
single complex weight per antenna, provided that prediction and the RAKE receiver are
performed at the MS. Thus, the complexity at the MS is higher for Tx AA than for STPR.
Moreover, Tx AA does not provide significant performance gain over STD for a modest
number of antennas. The complexity of STD is the lowest since it only requires the feedback
of the antenna selection bits to choose the antenna with the greatest channel power. STD can
be easily combined with pre-RAKE, while still retaining lower complexity than STPR. Thus,
the transmitter diversity methods described in this thesis provide a variety of
performance/complexity trade-offs, with STD being the simplest, but the least power
efficient method, and the STPR technique being more complex, and achieving near-optimal
performance.

It was shown that under severe channel conditions (i.e. multipath), the multiple access
interference (MAI) becomes the major source of performance degradation in DS/CDMA
systems. This is because of the loss of orthogonality between the spreading codes used by
each user due to the multipath channel effects even if the system is constrained to be
synchronous. Receiver based conventional and multiuser detection receiver structures are
described. It was shown that these techniques, though very effective in removing the MAI,
demand high computational complexity, power and knowledge of spreading codes of all
users. As a result, in the downlink of a CDMA system it is not feasible to employ such
methods at the MS. As an alternative to the receiver based methods, equally effective linear
MALI canceling schemes at the transmitter are investigated. It was shown that previously

proposed methods are powerful but they are high in complexity since zero-forcing MAI
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cancellation filters need to be updated continuously as fading coefficients vary. We
introduced two novel multiuser decorrelating techniques, which are based on pre-RAKE
filtering and zero-forcing MAI decorrelation. The first introduced technique, called pre-RDD
has the same structure as the receiver based RDD, but all processing is done at the
transmitter. The MAI decorrelation matrix of this method also depends on the CSI, but
because of pre-RAKE filtering, the receiver is simplified down to a single matched filter. The
second technique is an extension of the pre-RDD decorrelator, in which we exchange the
order of pre-RAKE filtering and the MAI decorrelation. We call this method pre-RAKE
multiuser precoding. The resulting system employs pre-RAKE filtering, which simplifies the
receiver while preserving the multipath diversity. The MAI cancellation matrix associated
with this method does not depend on the CSI.

To implement transmitter precoding techniques, the knowledge of the CSI is required
at the Tx. As with the transmitter diversity methods, the LRP algorithm is employed for
practical systems to enable these methods. Simulation results with actual W-CDMA
parameters are presented. The simulation, numerical and theoretical results show that Tx
based methods perform similarly and they are close to Rx based methods. Although the
performances of these methods are similar, the level of complexity is not the same.
Precoding+RAKE method has the highest complexity, since it requires the RAKE receiver at
the MS and the matrix inversion required for precoding is dependent on the channel
conditions. This matrix inversion is performed at the rate of transmission. The prefilters no
RAKE method and pre-RDD are relatively simpler, requiring a single matched filter at the
MS, however the matrix inversion based on the rapidly varying CSI is still necessary. The

pre-RAKE multiuser precoding method is the simplest among all the investigated precoding
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methods. Matrix inversion is not dependent on the CSI and a single matched filter is required
at the MS. In addition to MAI cancellation, pre-RAKE filtering and channel prediction are
performed. Multiuser precoding filter is computed once for given signature sequences; only
the pre-RAKE filter and scaling is updated to keep track of the time-varying channel
coefficients. When the pre-RAKE methods are compared to the Rx based detectors, although
the feedback load is high, the pre-RAKE filtering, multiuser precoding and prediction are
performed at the BS, where this complexity can be afforded. The MS is significantly
simplified by not employing the RAKE receiver and the power requirements are lower, due
to better BER performance.

Finally, we extend the pre-RAKE multiuser precoding method to multiple antennas.
The resulting system is similar to the single user space-time pre-RAKE method investigated
as a transmitter diversity technique. For each antenna, MAI cancellation is repeated after
antenna-specific pre-RAKE filtering. Multiuser precoding preserves the multipath diversity
while removing the MAIL It was shown that extending multiuser precoding to multiple
antennas results in space-time diversity in addition to multipath diversity.

All closed-loop transmitter diversity and precoding methods that we focused on
depend on the accurate knowledge of the CSI. It was shown that the LRP algorithm can be
employed to reliably predict the CSI based on past estimates of the channel. Using these
predicted values significantly improves the BER performance of the proposed methods for

rapidly varying multipath fading channels.

107



	dedicate.pdf
	To my family

	contents.pdf
	4. LONG RANGE PREDICTION OF RAYLEIGH FADING CHANN
	5. TRANSMITTER DIVERSITY TECHNIQUES………………………………………44
	6. MULTIUSER PRECODING TECHNIQUES…………………………………………69
	7. CONCLUSIONS AND SUMMARY…………………………………………………..104
	BIBLIOGRAPHY………………………………………………………………………....108


	figures.pdf
	Figure 5.6 Frequency-selective STD vs. MRC and fl


