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Method for MIMO Multi-code
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Student: Ching-Kai Li Advisor: Dr. Chia-Chi Huang

Institute of Communication Engineering

National Chiao Tung University

Abstract

This paper describes a noveliiterative multi-layered detection method for MIMO
multi-code multicarrier (MIMO ' ME=MC)" system. We derive a simple adaptive
minimum mean square error (MMSE) equalizer followed by a layered antenna
interference cancellation (LAIC) technique to mitigate the inter-antenna interference
(IAI) and obtain initial data decision. Afterwards, a multipath interference
cancellation (MPIC) method is exploited to fully achieve both spatial diversity and
multipath diversity. Monte Carlo simulations have been used to verify the
performance of the proposed method in multipath fading channels. Simulation results
demonstrate that with this iterative multi-layered detection approach, a MIMO
MC-MC system is able to achieve not only high bandwidth efficiency but also high
power efficiency, and it could be a good candidate for implementing the next

generation mobile radio systems.
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Chapter 1

Introduction

Over the past decade, code division multiple access (CDMA) and orthogonal
frequency division multiplexing, (OFDM) are” two most popular transmission
techniques for many commercial wireless applications, such as the third generation
wideband- CDMA (WCDMA) cellular system [1] and various wireless local area
networks (WLAN) [2]. A CDMA system uses spread spectrum techniques to suppress
multiple access interference (MAI) and a RAKE receiver to achieve multipath
diversity gains. Nevertheless, the data rate throughput is usually sacrificed for getting
a large spreading factor. On the other hand, an OFDM system transforms a high rate
serial data stream into multiple low rate parallel data streams to mitigate the effect of
multipath interference (MPI). Besides, a one-tap equalizer, which has relatively low

computation complexity, can be used by inserting a cyclic prefix (CP) at proper length.



However, an OFDM system cannot achieve multipath diversity gains and it has

relatively poor signal-to-noise ratio (SNR) performance due to the independent flat

fading on each subcarrier. Therefore, neither the CDMA system nor the OFDM

system can simultaneously achieve both high bandwidth efficiency and high power

efficiency.

The demand for broadband mobile multimedia communication services will rise

in the near future. Multi-code multi-carrier (MC-MC) has received significant

interests and is a promising technique to fulfill high data rate multimedia

communications in future cellulat systems {3]-[4]. With this technique, a group of

data modulated Walsh codes is transmitted over multiple subcarriers to achieve high

data rate throughput. The physical channels are shared logically among users within a

cell in the time domain, i.e. time division multiple access (TDMA). However, in a

mobile radio environment, a multipath channel will introduce severe MPI and destroy

the orthogonality among different Walsh codes. In general, this multipath

phenomenon significantly degrades the data rate throughput of a multicode system.

Therefore, [5]-[8] suggested a multistage multipath interference cancellation (MPIC)

technique to eliminate the MPI in the received signal and achieve higher data rate

throughput.



Multiple input multiple output (MIMO) communication based on multiple

transmit and receive antennas is another promising technique to increase bandwidth

efficiency. In this approach, multiple data streams are transmitted simultaneously

through different spatial channels, also known as spatial multiplexing. It was shown in

[9]-[10] that the channel capacity of an MIMO system increases linearly with the

minimum in the number of available transmit and receive antennas in a rich scattering

environment. In general, at the receiver side, a maximum a posteriori probability

(MAP) detector or maximum likelihood (ML) detector can be used to exploit the

channel capacity, but with exponential power:computation complexity. The Bell

laboratory [11]-[12] first proposes a suboptimal layer space-time (LST) processing

technique based on linear zeto-forcing (ZF).spatial equalization and iterative

interference cancellation. Some related research efforts [13] employing minimum

mean square error (MMSE) spatial equalization instead of the ZF method is able to

get better performance.

As future cellular system demands both high data rate and large area coverage

which are equivalently high bandwidth efficiency and high power efficiency,

respectively, a MIMO multi-code system is the most likely technology which can

fulfill these two targets [14]-[19]. Nevertheless, the error rate performance of this



system is heavily affected by both inter-antenna interference (IAI) and MPI. In this

paper, we propose a novel iterative multilayered detection method for the MIMO

MC-MC system. The signal processing chain related to each individual data stream

from a transmitting antenna is referred to as a layer. A simple adaptive MMSE

equalizer without matrix inversion is first applied and it is followed by a layered

antenna interference cancellation (LAIC) technique to mitigate the IAI and obtain

initial data decision. Afterwards, a MPIC method is adopted to achieve fully diversity

gains including both spatial diversity and multipath diversity. Notable improvements

can be achieved gradually after several iterations.. The rest of this paper describes the

principles and the performance- of our proposed method is organized as follows. In

Chapter 2, we describe the model of the MIMO.MC-MC system, including both the

transmitted and received signals. In Chapter 3, we describe our novel iterative

multilayered detection method, including the LAIC concept, the adaptive MMSE

equalizer, and the MPIC method. The performance of the MIMO MC-MC system is

evaluated through computer simulations in Chapter 4. Finally, several conclusions are

drawn in Chapter 5.



Chapter 2

System Model

2.1 Transmitted Signals

For simplicity, we assume that a'MIMO MC-MC system has M antennas at
both transmitter and receiver side. The transmitter block diagram of the MIMO
MC-MC system is shown in Figure 2.1, a serial data stream is first serial-to-parallel
(S/P) converted into M parallel data substreams d”, for 1<m<M . Each data
substream is then processed by an MC-MC transmission scheme and sent to the
corresponding transmit antenna. Figure 2.2 shows the MC-MC transmission scheme

for the mth transmit antenna. After S/P conversion, the mth data substream d" is

first mapped into QPSK symbols 5" e {+1+ j}, where k denotes the kth data

symbol. The data symbols are then spread by a group of Walsh codes, ¢,, for
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Figure 2.1: The transmitter block diagram of the MIMO MC-MC system.

k=1,...,K, where K denotes the number of Walsh codes used. Each Walsh code
¢, 1s defined as a vector ¢, =[ck,l,'--,ck,i,---,ck’N:IT, where [-]" denotes as the
transpose operation, N is the spreading factor, and c,, e{l,—l} denotes the ith
chip of the kth Walsh code, for 1<i<'N. These data modulated Walsh codes are

summed up and the sum can be expressed-as Zf:l b'c, . This sum is then multiplied

m m mAT

by a scrambling vector s” =[s/",---,s/",---,sy] to avoid coherent IAI at the receiver
side. As a result, the transmitted signal in frequency domain from the mth transmit
antenna can be written as
K
x" :(Zb,:”ckJG)s’” (2.1)
k=1

where © is the element-wise product operation.

After scrambling, an N -point inverse discrete Fourier transform (IDFT) is

applied to transform the frequency domain data signal x" into a time domain data
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Figure 2.2: The MC-MC transmission scheme at the mth transmit antenna.

signal with time duration 7 . A cyclically prefixed guard interval with time duration

T, is inserted to combat the inter-symbol interference (ISI) effect. Finally, the
complete data signal with time duration 7, +7 is converted into analog form with a
digital-to-analog (D/A) convertet, filtered by a low=pass filter (LPF), up converted to

the radio frequency (RF) band, and transmitted in air from the mth transmit antenna.

2.2  Received Signals

The receiver block diagram of the MIMO MC-MC system is shown in Figure 2.3.
After the RF signals are received from the M receive antennas, they are first down
converted to the complex equivalent baseband, low-pass filtered, and digitized. We
assume that both timing and carrier frequency synchronization are perfect, and the
length of the channel impulse responses of the MIMO channels are all shorter than the

GI. Hence, after the GI removal, S/P conversion and N -point discrete Fourier
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Figure 2.3: The receiver block diagram of the MIMO MC-MC system at the jth

receive antenna.

transform (DFT), the received signal in frequency domain at the jth receiving

antenna can be written as:

M.

r/=> H"x"+N/

m=l (22)
S : [(Zb;”ck]Osmj+N’
m=1 k=1

Jjm o _ 3z J.m Jj.m Jj.m
H _dlag{ho 5"'>hi 7"'ahN }

where r’ = [

. . . . AT
N"=[n{,---,n.f -

and
i ’ nN

} are the received signal vector, channel frequency response

matrix from the mth transmit antenna to the jth receive antenna (containing
diagonal elements only), and noise vector at the jth receive antenna, respectively.
The index i denotes the ith subcarrier, and 1<i< N. The matrix H”” can be

expressed as H’" = zp:] H;’” in more details, where P is the total number of paths;

H;”" is the channel frequency response of the pth path, which is a diagonal matrix

with each element a/” exp{jZ;r(i—l)rlf;m/N}, for 1<i<N, where a/™

5 and



z';”” are the complex fading gain and the excess delay of the pth path, respectively.

The noise in each subcarrier is modeled as an independent complex Gaussian random

. . . 2
variable with zero mean and variance o, .



Chapter 3

Iterative Multi-layered Detection
Method

The signal processing chain related to ¢€ach individual data substream from a
transmit antenna is referred to as a layer. The signal processing of the Qth layer is
called the Qth layered detection, hereafter. Without loss of generality, the layered
detection is started with the first layer and is done in a round robin fashion.
Furthermore, one complete run of all the M layered detections is called an iteration.
In the following, we first describe the LAIC concept and then derive the adaptive
MMSE equalizer in subsection 3.1. In subsection 3.2, we describe the MPIC method.

Finally, the iterative multi-layered detection method is summarized in subsection 3.3.

10



3.1 Layered Antenna Interference Cancellation

and Adaptive MMSE equalization

It is apparent from eq. (2.2) that the orthogonality of Walsh codes will be
destroyed when the channel is frequency selective. Under such circumstances, the
system encounters not only severe IAI but also severe MPI which together degrade
the BER performance. Without loss of generality, we may assume that at the Qth
layered detection, we have the hard decision results l;,:” of the previous (Q—l)
layers, for 1<m<(Q-1) and 1<k<K . Using these decision results, the IAI
replicas of all the previous (Q—l) data substreams-can be generated and subtracted

from the received signal r’ of the. j#h receive antenna, resulting in a signal

0-1 K .
PO=r/ =y H" ((Zb,;"ckjos’"j (3.1)
k=1

el
In general, a frequency domain adaptive MMSE equalizer G’ can be applied to the
signal ¢ to perform optimum data detection with a trade-off among MPI, IAI,
residual IAI and noise. Nevertheless, the computation complexity of this optimum
solution is very high due to the requirement of matrix inversion, especially when we
have large number of subcarriers and antennas. Here, we consider a simple adaptive
MMSE equalizer without matrix inversion, and it can be formulated by

G’° = diag{g/*®,--,g/*°,--,g}°}, for 1<i<N. For simplicity, we assume that the

11



hard decision results of the previous layers are all correct, i.e. the Al is perfectly
generated and subtracted. Besides, due to the use of scrambler at the transmitter side,
we can treat the unprocessed IAI as noise. Therefore, the coefficients of the adaptive

MMSE equalizer can be derived as (see Appendix A)

VAN
gro-— ) 62

‘h’Q‘ + 2 o
2K
where o’ =0’ +2K i ‘hl.j”” ’

m=0+1

and 1<i<N ; (s) takes complex conjugate.

Hence, the output of the frequency domain equalization through G’¢ for the uth
code channel (including also descrambling and code despreading operations) can be

represented as ¢] -(sQ ©) (Gj k. )) . After receiver diversity combining, we have

M N M K N
SEODWLRLLED v ST LI
j=1 i=1 Jj=1 k=1,k#u i=1
DS MPI
M M K N 0L/
01, j.m
+z Z Zb (Zgl] hi] cklcul i 1 )
j=1 m=0+1 k=1 i=1
1Al
M O0-1 K
S IIPNCH b'”)(z g/°h"c, c, sPs") (3.3)
j=1 m=1 k=1

RIAI

, 1.e., it consists of five components:

(1) the desired data signal component, DS .

(2) the MPI component, MPI , which results from the Qth data substream itself.

12



(3) the TAI component, IAI, which results from the (Q+1)th to the Mrh data
substreams.

(4) the residual IAI component, RIAI, which is due to the decision errors in the
previous (Q-1) layered detections.

(5) the enhanced noise component, EN .

The random variables MPI , IAI , RIAI and EN all have zero mean. The

variance of Re(MPI), where Re(s) denotes the real part, can be derived and

summarized as

Var[Re( MPE)]= (K—1)f:zN:\l//;~Qf (3.4)

e
where y/C =g/h/C —k? dndpic’? =m{gij’ghij’Q, ISiSN} . The notation
W{-} denotes the value of.the" first point (DC value) of the N -point IDFT
calculation. Besides, due to the fact that a large number of independent and identically

distributed random variables are summed into the variables /4/, RIAI and EN,

their variances can be calculated by using the law of large number and they are

individually given by
Var{Re(IAI)] = KZ Z Z\gf onj| (3.5)
=1 m=0+1 i=l

" M 0-1
Var{Re(RIAI)] 4KZZBER,”Z‘gf Cp) (3.6)

=1 m=1

o’ f"j’ N

Var[Re(EN)] = 3 >lel? (3.7)

j=1 i=l

, where BER, is the bit error rate of the mth data substream and 1<m<(Q-1).



From eq. (3.3)-(3.7), we can calculate the mean and variance of the signal ERe(Z;Q)

m. =Re{b?} fﬁ: g/ Ch’ (3.8)

j=1 i=l

ol = Var[iRe(MP])] + Var[iRe(]AI)] + Var[ﬂ%e(R[A[)] + Var[iRe(EN)] (3.9)

0

u

Since the variables summing up into z; are independent, the variable ERe(ZMQ) can

be modeled as a Gaussian variable from the central limit theorem as M xNx K is

large enough (which is true in our paper), and the conditional BER of the Qth data

substream can be expressed as

z?/z\iz;—q{ 2} (3.10)
(o2

, where ®(+) is the Q-function,

3.2  Multipath Interference Cancellation

At the jth receive antenna and the QOth layered detection, we assume that

BY

with the hard decision results of all the other data substreams a signal r”* can be

obtained by subtracting the IAI from the received signal r’, that is,

M K .
/0 =y/ - z Hf’m((Zb,:”cijsm] (3.11)

m=1,m#Q k=1
With the hard decision result of the Qth data substream l;kQ, for 1<k<K, the

MPIC method can be used to suppress the MPI and to achieve multipath diversity

14



gains [5]-[8]. The detailed operations of the MPIC method are summarized as follows.
First, the MPI replicas of all interfering signal paths can be generated and subtracted

from the signal T/° to extract the signal from each path T’

e {g g on

, for 1<v<T. Then, the output for the uth code channel after descrambling, code

dispreading, RAKE combining, and receiver diversity combining can be calculated as:

10g

M I ) H )
z2=¢ (SQ oY (H/?) FVJ’QJ (3.13)
Jj=1 v=1

We can detect the uth data symbol by determining whether the real part (or the

imaginary part) of Z° is greater or-jless than zero by hard decision. From eq.

(3.11)-(3.12), for the special case of I'=2 we-have

/¢ =H/? [(ibgckj o) sQJ TH/C ((i(b,? —15,?)°kj © SQJ
k=1
+ Z Hj ,m (

m=1,m#Q

/¢ =HJ° ((ZkaCkJOSQJ-FH{’Q ((
k=1

M .

+ H”’((

Mw

bm _bm ck]®smj+Nj

(ka —Ef)cijsQJ

bm m ckjesn1j+Nj

bl
1l
—_

(3.14)

M~

=~
LN

m=1,m#Q

From eq. (3.13) and eq. (3.14), the output of the MPIC Z? can be expressed as

15



=3 0N Lo ] 30 (06 -6 320 0 eagee )
P k=1 i-1

DS RMPI

d & A oml> o j2r(i-1)e) /N ) jon 2707 N | (315
+ Z Z(bk _bk )ch,icu,l.sl. S; Zap’ e P Zap, o J ( . )

m=1,m#Q k=1 i=1 p=l1 p=l1

RIAI

, which in turn includes the desired signal component DS, the residual MPI

component RMPI (resulting from the Qth data substream itself), residual IAI

component RIAI (resulting from the other data substreams), and the enhanced noise

component EN . The desired signakin iRe{EuQ} is

Al )
m. =Re(bIfND >las®| (3.16)

Jj=lp=1

Moreover, the random variables “RMPI", "RIAT and EN in iRe{EMQ} all have zero

mean. The variance of iRe{EuQ} is finally calculated as

ot =S I8(Kk ~1)N|aj<[ |as°| BER
z ' 1 2 Y

=1

~

RMPI

(3.17)

+4KN(Z‘a;’QZ] > BERm(Z\a;”"f}rz\f%j(i\a;@ﬂ

2
p=1 m=1,m#Q p=l1 p=l1

RIAI EN

From the central limit theorem, the variable iRe{EuQ} can be modeled as a Gaussian

variable, and the conditional BER of the Qth data substream can be expressed as

z?/z\ie;—q{ﬂJ (3.18)

2
O.

z
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3.3 Iterative Multi-layered Detection

In this subsection, we summarize our iterative multi-layered detection method.
Figure 3.1 shows the first iteration of our iterative multi-layered detection method.
For the first iteration, the signal is processed according to the LAIC concept and the
adaptive MMSE equalization method as described in the subsection 3.1. Note that at
the first layered detection, the received signals are passed only through the adaptive

MMSE equalizer to obtain the hard decision results for the first data substream.

Figure 3.2 shows the second and later iterations of the iterative multi-layered
detection method. For illustration purpose, we focus on the QOth layered detection
for the jth receive antenna for the second iteration. Because we have the hard
decision results of all the data substreams, the LAIC eliminates all the other data

substreams (excluding the Qth data substream) according to eq. (3.11) to obtain the

signal T/°. Afterward, we use the adaptive MMSE equalizer with coefficients of
g;”Q:(hij’Q)*/(‘hl:”Q‘z+aj/2K) , for 1<i< N, to equalize the signal /¢ and
obtain more reliable decision result of the Qrh data substream 52, for 1<k <K .
On the moment, the MPIC method mentioned in the subsection 3.2 is executed

(replacing l;kQ by Z;kQ ) according to eq. (3.12)-(3.13) to obtain the decision results of

17



the QOth data substream l;kQ, for 1<k<K. In general, the decision result Z;kQ is
much more accurate by fully exploiting the gain from both the spatial diversity and
the path diversity. Replacing Z;kQ by l;kQ in the next layered detection, the process
can be repeated in several iterations until reliable data estimates of all the data
substreams are obtained. Note that for the finally several iterations, the MPIC is

executed alone to accelerate the convergence of BER performance.

18
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Figure 3.1: The first iteration of iterative multi-layered detection method.
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Chapter 4

Simulation Results

4.1 Simulation Environments

We utilize computer simulations' to verify: the performance of the proposed
iterative multi-layered detection method in a frequency selective channel. The
equivalent baseband impulse response of the multipath channel between the mth

transmit and the jth receive antenna is represented by

I
Y=Y al"s@ -1 4.1)

p=l1

Jsm

for 1<m,j<M , where I' is the number of resolvable paths; 7, i1s the excess
delay of the pth path from the mth transmit antenna to the jth receive antenna;

a;” is the complex fading gain of the pth path, which is a complex Gaussian

random variable, and &(¢) denotes a delta function. It is assumed that the channel is

21



stationary over each transmission. Two channel models are selected for evaluating our

MIMO MC-MC system. One is a two-path channel with relative path power profiles:

0, 0 (dB). The other is a Universal Mobile Telecommunication System (UMTS)

defined six-path channel with relative path power profiles: -2.5, 0, -12.8, -10, -25.2,

-16 (dB) [20].

We also evaluate our MIMO MC-MC system in a spatially correlated two-path

channel, which is parameterized by antenna spacing D, wavelength A, angle of

arrival (AOA) ¢, and angle of spréad (AOS)':A. For each channel path from one

transmit antenna to the receiver side, the correlation of the fading patterns between

receive antennas can be calculated according to [21]. Finally, in order to simulate a

MIMO frequency selective fading channel, the fading patterns of each temporally

resolvable path from each transmit antenna to the receive side are generated

independently.

The simulation parameters for our MIMO MC-MC system are listed in Table 4.1.

The entire simulations are conducted in the equivalent baseband. We assume symbol

synchronization, carrier synchronization, and channel state information are perfectly

estimated. The noise power is also assumed to be known at the receiver end. The
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Number of transmit (or receive) antennas (M) 4
Modulation QPSK
Carrier frequency 2GHz
Total bandwidth 5.12 MHz

Number of subcarriers (V) 256
Guard interval (7) 12.5 us

Length of Walsh codes (V) 256

Number of Walsh codes used (K) 256
Number oftesolvable paths (1) 2or6

Table 4:1: Simulation parameters

Walsh codes are fully used. The scramble codes are generated from a pseudo random
code with a long period and are known at the receiver end. The excess delay of the
paths is uniformly distributed between Ous and 12.3us. Throughout the simulation,

the parameter E,/N, is defined as SNR per bit per receive antenna after code

despreading.
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4.2 The Performance of MIMO MC-MC System

in a Two-Path Channel

Figure 4.1 shows the BER performance of the MIMO MC-MC system at the first
layer in the two-path channel. The BER performance for the first iteration has an error
floor at BER=10"" because large IAI and MPI are included. For the second iteration,
the BER performance is improved modestly by using adaptive MMSE and MPIC.
This procedure is iterated several times (from the 2nd iteration to the 4tk iteration)
to obtain more and more reliable datadecision results. After the 4¢h iteration, MPIC
is executed alone to achieve full diversity gains gradually. Our simulation shows that
after 9 iterations, the BER performance at high-'E, /N, approaches the theoretical
limit and the degradation is only about 0.2dB at BER=10", as compared with the
case of the perfect LAIC and MPIC (i.e., the IAI and the MPI are perfectly
eliminated). This simulation result shows that our iterative multi-layered detection
method works well and can obtain the full benefits of both spatial diversity and path

diversity.

Quasi-analysis results for BER by using the Monte Carlo method on eq. (3.10)

and eq. (3.18) to average over the channel effects are shown in Figure 4.2 to verify
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our simulation results. The quasi-analysis results for BER are almost the same as the
simulation results for the first three iterations. However, there is a more observable
mismatch for the fifth iteration at high E, /N, when BER is very low, which is due
to the fact that the Gaussian assumption for the residual interference components
(including both IAI and MPI) is no longer valid when most interferences are
reconstructed and eliminated. For the 8z iteration, the quasi-analysis results are

almost consistent with the simulation results in terms of BER performance.

Figure 4.3 shows the BER performance of the MIMO MC-MC system at all four
layers in the two-path channel. Asshown in the figuré, the QOrh layered detection has
a better SNR performance than the: (O~ 1)th layered detection for the same iteration.
These results occur because the layered detection is started with the first layer and is
done in a round robin fashion. After 9 iterations, every layer finally has almost the
same BER performance. In other words, the iterative multi-layered detection method

is not sensitive to the order of the layer processing.

25



T T
y e R oemmmmm oo 4
1 T AU e S R -+
Q. i 4
! 4
2,
i &
10-2 E f "q_
m - lteration 1: Addaptive MMSE ‘*
& -+ lteration 2: Addaptive MMSE
| —— lteration 2: MPIC
- lteration 3: Addaptive MMSE 2
107 | —# Iteration 3: MPIC o
F| - lteration 4: Addaptive MMSE 5 in
[| == lteration 4: MPIC o ]
L =& lteration 5: MPIC .
F| & lteration B MPIC 1
L| =& lteration 7: MPIC 1
—%— lteration 8. MPIC
10-4 || —==— lteration 9: MPIC
[| — Perfect LAIC and MPIC 3
L I I 1 1 o
-7 -5 -3 1 3 ]

Figure 4.1: BER performance of the MIMO MC-MC system at the first layer in the

two-path channel.
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Figure 4.3: BER performance of the MIMO MC-MC system at all four layers in the

two-path channel.
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4.3 The Performance of MIMO MC-MC System

in the Six-Path Channel

Figure 4.4 shows the BER performance of the MIMO MC-MC system at the first
layer in the UMTS defined six-path channel. We observe that after 9 iterations, the
BER performance of the MIMO MC-MC system is degraded by only 0.54B and
0.2dB at BER=10" and BER=10", respectively, as compared with the case of the

perfect LAIC and MPIC.
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UMTS defined six-path channel.
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4.4 The Effect of Imperfect Channel Estimation

In the previous simulations, we assume that the channel state information is
perfectly known at the receiver side. In practice, this may not be always true. In order
to evaluate the effect of imperfect channel estimation, we first define a parameter of

normalized channel estimation error o =(&/E,,, )x100(%), where E,,, is the total

channel power and ¢ is the power of channel estimation error. We then model the

Jj.m

) is actual

channel estimation error as follows. Let a)" =a/)" +\/Zp;m, where a
complex fading gain defined in eq. (4.1); pl{"” is a Gaussian random variable with a
zero mean and unit variance and &;’"’ 1s the“channel estimation for a;”” . Figure 4.5
shows the BER performance of the MIMO MC-MC system at the first layer in the
two-path channel with o as a parameter. The simulation results show that the
degradation of the BER performance is not significant for £, /N, =1dB until a=1,
i.e. the channel power against the power of channel estimation error must be larger

than 20 dB. We also observe that the BER performance is much more sensitive to

the effect of imperfect channel estimation at high E, /N, values.
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Figure 4.5: BER performance of the MIMO MC-MC system at the first layer in the

two-path channel with o as a parameter. (for the 9¢4 iterations).
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4.5 The Effect of Spatial Channel Correlation

The proposed system utilizes both the spatial and the path diversity gains to
achieve good BER performance. We assume that the channels between receive
antennas are spatially uncorrelated in the previous simulation results. In fact, the
channel correlation between receive antennas depends on the parameters of antenna
spacing (D), AOA (¢), AOS (A) and wavelength (4). In general, in cellular system,
the antenna spacing of 0.54 and 104 1is set (or required) in base stations and
mobile terminals, respectively. Figure 4.6 and Figure 4.7 show the BER performance
of the MIMO MC-MC system-atthe first layer in the spatially correlated two-path
channel with A as a parameter.” The “D/2 i set to be 0.5 and 10 in Figure 4.6 and
Figure 4.7, respectively. The E,/N, is5dB.The AOA ¢ is 0° or 45 . As shown
in Figure 4.6, there is no significant degradation in BER performance until the AOS is
smaller than 70°, which is reasonable in practical use due to the fact that large AOS
is available in the environment around mobile terminals. We can also observe that the
smaller the AOA is, the better the BER performance is. This is due to the fact that the
spatial channel correlation is lower when the AOA is smaller. Figure 4.7 shows that
there is no significant degradation in BER performance when the AOS is larger than

15°. In real environment around base stations, the AOS is usually no more than 20°.
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Hence, our iterative multi-layered detection method can also perform well for uplink

transmission. Finally, the BER performance is a little worse as the AOA increases.
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Figure 4.6: BER performance of the MIMO MC-MC system at the first layer in the
spatially correlated two-path channel with A as a parameter. (at the 9th

iterations; E,/N,=5dB; D/A=0.5; ¢=0" or45).
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Figure 4.7: BER performance of the MIMO MC-MC system at the first layer in the
spatially correlated two-path channel with A as a parameter. (at the 9th

iterations; E,/N,=5dB; D/A=10; ¢=0" or45").
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Chapter 5

Conclusion

The third Generation Partnership Project (3GPP) working group is now drawing
up the specification of Release, 7, which is ‘an- MIMO based high data rate
transmission technique, for implémenting the next generation mobile radio system. An
MIMO MC-MC system could be a good candidate for the specification of Release 7.
In this system, both the IAI and the MPI are the main factors which degrade the BER

performance.

In this paper, we proposed a novel iterative multi-layered detection method for
the MIMO MC-MC system to suppress both the TAI and the MPI and achieve full
diversity gains. The novel iterative multi-layered detection method includes three

main parts: adaptive MMSE equalization, the LAIC concept and the MPIC technique.
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The simple adaptive MMSE equalization and the LAIC concept are used to mitigate

the severe IAI, and the MPIC method is used to combat the MPI. Our simulation

results show that the system performance can be greatly improved by using the

proposed iterative multi-layered detection method, and it can even approach the

theoretical BER performance limit (i.e., without interference). In conclusion, the

proposed iterative multi-layered detection method enables an MIMO MC-MC system

to achieve simultaneously the two conflicting goals of high bandwidth efficiency and

high power efficiency.
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APPENDIX A

The Adaptive MMSE Equalizer

The received signal in frequency domain at the itk subcarrier is

= hy(dl + jediy)+m, (A-1)
k=1

where /#, is the channel frequency response on the ith subcarrier, d, + j-dl.'fQ 1s
the signal spread by the ith chip of the kth Walsh code, for k=1,....,K, and n,
is the noise (including IAI) with zero mean and variance o”. Moreover, the variable
di’f , (or a’l.’fQ) has zero mean and variance 1. For simplicity, we suppose the desired
signal is dl.‘,, + j-dl.'ﬁg. According to the Wiener-Hopf equation, the optimum linear
MMSE equalizer coefficient g, can be calculated by

R-g =P (A-2)

where R is the autocorrelation of the received signal:
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=E (hii(df,+j-di’fQ)+niJ-(hii(df,+j-dl.’fQ)+nl.j }
] ) & 2 2 .

| Inf () ()2
L k=1

=2K 1| +0”

(A-3)

and P is the cross-correlation between the desired signal and the received signal:
P :E|:(dil,1 +j'dil,Q)'ri :I

= E|:(dil,1 +j'dil,Q)'(hi

M~

(d,.’f, +J"dfg)+”,-j }

k=1 (A-4)
* 2 2
=h E[(dll) +(dip)
=2h
Thus, we have
2k 1 h
T e (A-5)
2K|h,.| +o K |h|2 o~
Because the factor 1/ K is a constant, it.can be neglected. We then have
h
g -—" (A6)
hf +2—
2K
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