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Abstract

In this paper, we develop space-time(ST) Rake receivers for Time Division Synchronous Code Division Multiple
Access(TD-SCDMA) base stations(BS). The beamforming of BS transforms the uplink MIMO channel space into many
sub-sectors' channels to be nearly orthogonal, thus, well established 1-D Rake technology can be used to TD-SCDMA
base station to construct ST Rake, which simplified the system's implementation as well as enlarged users' capacity
by the beamforming. The construction and capacity of MIMO sub-sectors by multi-beamforming have been presented.
The proposed ST Rake algorithm include the multi-beamforming algorithm for MIMO sub-sectors and classical 1-D
Rake algorithm. The calculating formulas for interference plus noise ratio(SINR) and bit error rate(BER) have been
derived. Simulations verify that the proposed ST Rake receiver for BS is effective, and the BS systems can get higher
system capacity and can be of better performance than presented TD-SCDMA systems.
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I . Introduction

When CDMA base stations equip with array antennas,
the mobile stations can be identified by their different
spatial signature Vectors(SSVs)[”“m. However, it is di-
fficult to implement CDMA systems to provide each
user one independent space beam (spatial channel),
because of the huge complexity and high cost of the
implementation of the systems. Therefore, CDMA2000
and WCDMA have not adopted space multi-beamfor-
ming technique for their array antennas, but turn to
Space-Time spreading technique. Only TD-SCDMA sys-
tems used the space multi-beamforming technique for
their array antennas'”, but TD-SCDMA systems did not
consider ST Rake receivers for their BSs, which limited
their communication quality and capacitym. The pre-
sented TD-SCDMA systems in {4] can only support 48
users for one carrier, and not consider increasing users
capacity by space time processing” ",

Though many papers have developed different sche-
mes for ST Rake receivers™ MY, they have ignored
three problems: the first is that applying ST Rake to
presented CDMA protocols can not change their system
structure and complexity obviously, the second is to
increase the system capacity with the ST Rake, the third
is that the spatial phase information should be lost by
the processing of the Rake receiverst' /Pl The ST Rake
schemes of many presented papers are first Rake proce-

ssing then beamformer processing, however, the spatial
phase information in the Rake processing has been lost.
A further problem is that the schemes need every ante-
nna element output to have a Rake receiver, which
implies high cost and complexity of BS.

To solve the problem, we propose a simplified ST
Rake receivers for the TD-SCDMA BS combining pre-
sented Rake receiversm], which can reduce a lot of
hardware of the systems which are necessary for [6]~
[11], and depend on much more digital signal processing
software. Compared with presented applicable CDMA
systems, the narrow beamforming by using antenna arrays
in proposed TD-SCDMA BS can divide the mobile
users' signals in many sub-sectors of a cell, which
means that one beam will be shared by many users
instead of one user like [4], and leads to our MIMO
sub-sector concept.

Based on the beamforming, the paper presents a ST
Rake receivers algorithm to identify a mobile station by
their waveform signature and spatial signature, similar to
2-D signal ﬁltering“]\m. The Space-Time Rake recei-
vers can determine the attenuation of interference from
different sectors in a cell, by analyzing the array pattern
of the array antenna and SSVs of CDMA signals. Li-
mited by the paper size, we only consider a syn-
chronous uplink CDMA channel.

The paper i1s organized as follows. In section 2, we
study the array pattern and MIMO sub-sectors. In sec-
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tions 3, the space-time Rake receivers are introduced. In
section 4, we give the spatial weights calculation for
beamformers of BS. In section 5, we study the pro-
perties of the ST Rake receivers and derive the calcu-
lating formula of SINR(Signal Interference Noise Ratio)
ard BER(Bits Error Ratio) of proposed ST Rake. The
simulation results are presented in section 6, and Section
7 offers some conclusions.

. The Smart Antenna Structure and Proposed
MIMO Sub-Sectors

The proposed TD-SCDMA with ST Rake is mainly
based on the smart antenna technology shown in Fig. 1,
the difference with the original scheme of [4] is in three
hands: the first is that we change the order of des-
preading block and beamforming block, the second is
that the original despreading block with Rake to des-
pread the output signals of beamformer, and the third is
that we also change the order of spreading block and
beamforming block for the transmitting part. The smart
antenna array is composed of antenna elements, related
feed cables and coherent RF transceivers in RF part. By
use of the A/D converters or D/A converters in analog
baseband(ABB), the Rx and Tx analog signals are
interfaced to the digital baseband(DBB) part over the
high-speed data bus. In this model, all antenna elements
related feed cables and coherent RF transceivers will be
calibrated before operating.

Reference to Fig. 1, the base station is equipped with
smart antenna array and DBB DSP™. When a signal
comes from one mobile user within the coverage of the
cell, each antenna element and coherent RF receiver will
get it. Because of the different location of the different
antenna element, the phase of the Rx signal will be
different. In case of multipath propagation, each path
will come from different directions with different ampli-
tude and delay. Then the Rx signal at each antenna
clement will show different phase and amplitude. After
the front-end processing in RF part and A/D converters
processing in ABB, digitized Rx signal with the phase
and amplitude information will be sent to DSP in DBB
part. In a TD-SCDMA cellular system, there are many
mobile users working simultaneously. The Rx signals
will be the sum of the signals (including main path and
multipath) coming from all the active mobile users
within the cell and the interference coming from nearby
cells.

To simplify the antenna array system of the TD-
SCDMA systems[4], in this paper, we only use three
linear antenna arrays to divide spatial domain of a cell
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Fig. 1. Physical channel structure of TD-SCDMA.

into 3 sectors, [0°, 120°], [120°, 240°], [240°, 360°]
shown as Fig. 2. To simplify questions, we directly use
to denote the spatial signature vector(SSV) of one sec-
tor to a single unite amplitude signal with

j-2adsing j2ad(N=1)sin g

a®)=I[l,e * , .., e A 00
where 1 denotes the wavelength of the RF signals
received from antenna elements, 4 denotes DOA, d is
the interval between the two sensors of array antennas,
and L is the number of sensors of linear array antennas
of the sector.

Triangle antenna array we proposed for TD-SCDMA
base stations is composed of 8 array elements in the
three linear antenna arrays, which is shown in Fig. 2. At
the inboard of antenna arrays, there are three metal
clapboards, which decrease the linear array antennas to
couple each other. Hence, the spatial domain of a cell
is divided into three main MIMO sectors by three linear
antenna arrays, [0°, 120°], [120°, 240°], [240°, 360°].

The antenna array in each sector is divided into Q
sub-sectors, which have degrees as follows,

A=120°/Q

For simplify, we suppose that the linear array in each
sector has 8 array elements and the interval between any
array elements is A/2. Then the antenna array pattern is
given in Fig. 3. The width of center lobe of the array
is as follows

180" _ 19.4045° )

BW)5=0.866 7 - 15

where, N is the number of array element in each sector,
that is to say, N=8.
Compared with the previous smart antenna in TD-
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SCDMA in [4] beyond the beam pattern 30 degrees, the
current least beam pattern as shown in Fig. 3 can gains
12.4045 degrees. Hence, the antenna array pattern im-
proves the communication capacity largely. We see also
in Fig. 3 that all the CDMA signals outside the chosen
sector will be attenuated at least 0.5 attenuation
coefficients. Hence, the interference signal from other
users outside the chosen sector will be suppressed
effectively by the linear antenna array as shown in Fig.
4. In Fig. 4, the antenna array of the BS can form 12
MIMO sub-sectors by one linear array antenna of the
Triangle antenna array of Fig. 2. The Rake receivers in
a MIMO sub-sector only process the multipath received
signals of the given mobile users in the MIMO sub-
sector. The spatial sub-sectors are obtained by the
beamforming of the antenna array system we will
discuss.

Remarks:

1. Since the MIMO sub-sectors in Fig. 4 have some
width in spatial domain, the BS can assign some users
in one sub-sector. The users for BS and the sub-
sectors can be regarded as a MIMO system. In the
MIMO system, BS needs not to consider the users'
SSVs, only solves the multipath problem by presented
[-D Rake.

2. We also notice that the odd sub-sectors are nearly
orthogonal each other, so are even sub-sectors, which
means that the users in different odd sub-sectors can
share the same CDMA channel, i..e. the same spreading
code, so can the users in different even sub-sectors. The
nearly orthogonal sub-sectors can obtain the spatial ca-
pacity of MIMO systems, following analysis and simu-
lation will verify it.

3. The presented TD-SCDMA protocol[4] allotted a
beam to one user, so it can only support 48 users whole
cell, not obtain the spatial capacity by muti-beam-
forming. In fact, if a CDMA cell has 48 users per one
carrier, it is not necessary to adopt such complicated
technique-smart antenna for BS.

The remarks show the main difference of the paper to
other presented papers about ST Rake® ',

The linear antenna array (1) forms a spatial filtering
to received CDMA signals, the array pattern of the
antenna is as following
sin mz’jin@ N
[H(O = |-———" 7

. _zdsin 8
Nsin R (3)

Considering the complexity of the array antennas, N

should not be selected too large. In this paper, we adopt

Fig. 2. Simplified antenna array structure.

the linear array (1) with N=8 in every sector, and the
interval of the antenna &= A/2, then the array response
|H(6)| in Eq. (2) can be obtain as shown in Fig. 3. For
our case of the linear array antenna with 8 elements,
H(6) divides the users in a sub-sector of a cell into 3
MIMO groups.

The first MIMO group of mobile users is in

161 <10° (8= 6y,

and it i1s of G, users; the second MIMO group
mobile users is in

100 <16,1<18° (4=4)),

it is of G users, the third MIMO group is in

18° <l6l=<120° (6= 10,),

it is of K—G,— G}, users.

Eq. (3) and Fig. 3 mean that all the CDMA signals
to be outside of the given MIMO sector will be atte-
nuated at least 0.5. Since the number of users to be
outside of the given MIMO sector is far more than the

Array Pattern
o o o oo o o o
w E oy o om ~ o (o]
T T T T T

o
o

Q
{

o fd . ) ) 1 )
100 -0 -60 A0 20 0 20 40 Ll 0 100
Angle of Arrival

Fig. 3. The array pattern of the linear antenna array
with 8 elements.
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Fig. 5. Space-Time Rake receiver.

number of inside of the sector, the multi-assess inter-
ference can be cancelled effectively by array antenna.

However, according to Eq. (3) and Fig. 4, to divide
the main sectors of a cell further we need 12 sets
weights of array antennas for the 12 MIMO sub-sectors,
shown in Fig. 4, which brings the hardware complexity
of the CDMA system obviously.

To solve the problem, we use phase controlled linear
array, for which each output of a sensor of the array
will be multiplied a complex weight,

. 2xdm_si

W ()=e = . )

The array antenna can produce a spatial signature
vector(SSV) for a mobile in a TD-SCDMA cell

2zl sing  2xl(N—1) sing

a0, 0=[W, (), W’ 7 wpe 417
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then we get the controlled array pattern of the antenna
is as following

- md 8- B(D]
smﬂﬁ/1 tN

Nsin dsin gi B(H 6)
When the DOA of a mobile user consists with A(#), the
beamforming direction of the linear array, the output of
the linear array will be maximal.

From Eq. (5) and (6) we can see, when switching the
complex weight W{(# of the linear array periodically,
at [=1{y, .., 5, ..,
form many sub-sectors from —60° to 60° in a sector at
different time intervals.

Because TD-SCDMA systems used Time Division
technique [4], it is possible to switch the complex
weight W(# of the linear array periodical]ym’m’[s].

HL 60— (D]l =

tyv» and £,=[ ¢, t;] the base station can

II. Space-Time Rake Receivers

In the space-time Rake receivers, the transmitting
signal from the mobile station that uses the A-th sprea-
ding code can be written by

siD=VP,c,(Db,, 0<t<T, and k=1, K (7

where VP,, b, and T,, denote the signal amplitude,
information symbol and the symbol period, respectively.
In Eq. (6), c¢,[1 is the A-th signaling waveform that

is written as

M
()= Zolck(n) Kt nT) for 0<i<T, 8)

where M is the processing gain. c,(x) is the spreading
code for the fA-th CDMA channel, and p(# is a chip
waveform of duration 7.=T,/M.

The PN codes of the matched filters MF(i), =1,
-, K, are of the following properties:

Ty
f;] ciOc(Ddt=T, ©a)
T,
J, kv at=p, ., T, o
and
(n+ DT,
’7% L,{,h w(He (Ddt=n, )

where p,, , (normalized) is the cross-correlation coeffi-
cient between the [th and k-th CDMA waveform sig-
natures.

We assume that the signals are synchronized, the
received signal at the input of the first element of array
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antenna of the base station can be written as

()= mﬁlﬁlpkck(f— Ty m) @p, byt 1( D) (10)
and
2ain s
ra()=r(te A, m=2,3,~N 1)

where 5, denotes the data symbol of the k-th user,
n(#) is the additive complex Gaussian thermal noise at
the antennas and it is assumed to be temporally and
spatially white.

The factor ¢, , in Eq. (10) denotes the channel
attenuation of the A-th mobile to m-th element of the
array antenna. In general, ¢, , can be considered as a
random variable.

From Eq. (9), we can construct an input vector of the
array antenna

r(D=0rn@,..,7(d]" (12)

The vector multiplies a(6,#) in Eq. (5), we realize
the special filtering for given direction 6
x(6,0=a’ (6,8 r(2. (13)

From Eq. (8) and Eq. (13), we can get the outputs of
the Rake Receivers of the TD-SCDMA systems for the
k-th CDMA channel

(n+1)7),

ykw):—leN;Llfm
=x,(D+4q,(0), k=1,2,.. K (14)

208, Dc i (t— 1, Ndt

where 1, , denotes time delay introduced by the / -path

for 1</<L, with L denoting the number of resolvable
paths,

x4(0)= P,H () ayb, (15)
where
- 1 N
ak=ﬁm2:1ak'm (16)
and
N
4= 21 Pr0s ol n(0) @4 mbit 14 (17)
m*k

The above algorithms Eq. (13) and Eq. (14) can be
realized by the Space-Time Rake receiver shown in Fig.
5. The ST Rake receiver in Fig. 5 is different from
those of [6]~[11], here we divide the ST Rake receiver
into two parts: 1-D beamformer in space domain based
on Eq. (13) and 1-D Rake receivers in time domain
based Eq. (14).

In Fig. 5, The spatial beamformer filters the users in

given direction, then Rake receivers detect the users'
signals. The Rake receivers in Fig. 5 can be implemented
by ones such as [12], i.e. the Rake block in Fig. 1.

From Eq. (2) and Fig. 3, the H,(6) in Eq. (15) and
Eq. (17) is determined as follows

[0.5,1], if [4<10°
H(8)=~{[0.2,0.5]), if 10°</8I<15°
[0.5,11, if161>15° (18)

The interference of users is mainly from the users in
the sector (|4 <10°) the neighborhood (10°<|4<15") of
the sector, for which, we need to apply Eq. (18), when
we calculate the interference power. The interference of
the other users will be attenuated to be less than 0.2 of
the original ones. The results will be used to the com-
putation of SINR and BER in following section. From
Eq. (17), we can define w, as the sum of interference
vectors from other CDMA channels and the noise.

Consider the coherent uplink detection for the QPSK
symbol b5,, the QPSK symbols can be detected as

b= sign(y,(6)/ Py) (19)

where sign(-) is the complex sign function that is
defined as

if Re(x)>0
Rel sign(x)] = {

S|k

if Re(x)<0 (20a)
and

1 .
L i (>0
Il sign(2)] ={ vzo B

7 if Im(x)<0 (20b)

Eq. (19) provides the method to restore the user's
signals from received signals, it can be programmed as
a part of the receiver sofiware of CDMA systems.

IV. Spatial Weights Calculation

The theoretical foundation of this weight eigenvalue
algorithm for array antenna is MUSIC algorithm. MU-
SIC algorithm, namely Multiple Signal Classification, it
utilizes the characteristic of orthogonal between the
signal vector and noise vector and estimates the signal's
direction of arrival(DOA) from the sub-space of sig-
nal®. The subspace of signal for the antenna array
consists of two parts, the correlation metrics generated
by the message source and noise source respectively. On
the assumption that the power of useful signal is much
greater than that of noise, we can calculate out the
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eigenvector of correlation matrix, and this eigenvector is
correspond to the largest eigenvalue. After standardizing
of the eigenvector with a weight factor, we can get the
estimation about the DOA of desired user's signal. So
we can design a spatial filter according to the above
results and demodulate the received data that have been
processed by the spatial filter.

The method for generating the weights' of array
antenna is to analyze the correlation matrix of received
signal »(#), given by Eq. (10)~Eq. (12). The autocorre-
lation matrix of #(# may be defined as:

R,=E[+7() r()]=1iN’S+ Q (21

where S=?%a( 0)a(8)" denotes the term of signal

matrix, @ represents the interference and noise terms
K — —
Q= >, AFEL 0] a”(6,)a(6,)+LAI 22)
_ L _ _ Lo , )
ap= mZ:‘.l Ay s Op~ mZ:I Opm and ¢*= E[#*(H].

The explication about estimation of spatial filter can
be seen below. '
The Matrix R, consists of the signal matrix N?S and

the full rank interference noise matrix Q. The eigen-
vector u,, corresponding to the largest eigenvalue of

matrix R, is a normalization vector. When the inter-

ference signals are wholly unrelative to the useful
signal, the sole eigenvector is the linear sum of all

channel vectors, so we can - make a restriction that

W W

1
N

N is the size of the channel vector. Base on this
condition, the weight vector may defined as

W= 23)

Here, W is just the coefficients' vector of the spatial
filter (5).

The process of algorithm to calculate the W can be
seen below:

Step 1: Calculate the correlation matrix R, of #»(4);

Step 2: decompose the correlation matrix R, to pick
out a series of eigenvalue {A,=1,> ,.. , Ay,

Step 3: look for the solution of normal eigenvector

%, corresponding to the largest one 4.

We can use Eq. (23) to calculate W, the coefficients
of the spatial filter (5).

V. Properties of the Space-Time Rake Receivers

&8

Because ST Rake involves beamformer and Rake, we
need two steps to analyze the properties of the proposed
ST Rake. First, consider the beamformer' algorithm in
spatial domain. From Eq. (17) we have

R,=Eld]= 3 Bl ] ELP, H{ O+ (24)

For our case of the linear array antenna with 8§ ele-
ments, H,(6) divided the users in a sub-sector of a cell

into 3 groups. The first group is in {6,<10° (8= 6,),
and it is of (, users; the second group is in
10°<161<18° (8=4)),
it is of G} users, the third group is in

10°¢10,/<18° (8= 6,),
it is of G}, users, the third group is in

18°¢16,1<120° (0= 6,),
it is of K—G,— G} users.

Using power control in the CDMA system only in the
sector, E(PJa, °)=P, 18,/<10°.

The covariance matrix Ry, can be written as

R, <HH )Gy~ DP, 0 + HA(6,)GiP,0°

+HE(0,)(K—G,— G)P0t+ 6 (25)

where the attenuation factors

HY6)=1 (26a)
H¥6,)=0.25 (26b)
HE(0,)=0.04 (26¢)

which are calculated by Eq. (18).

Though main interference comes from the users in the
second term of Eq. (25), the number of the users belong
to the domain is not large since the users are uniformly
distributed generally. The third term of Eq. (25) reflects
the interference of the users outside of the sector.

From Eq. (15) we have

R, =E(x,)*=NP,|a,* (27)

When #,>0 and SSVs of the CDMA signals are or-
thogonal in spatial domain, from Eq. (25) and Eq. (27)
we can get the SINR,(SINR-Signal Interference Noise
Ratio) for the A-th mobile user as following

SINR = NP a2 /L H2(0,X(Gy~ 1P, 0% + HA(0,)GP 07
+ HXONE— Gy— GP 0 + o*] (28)

It's obviously that SINR, is independent of the SSV
of the kA-th user. The flat fading channel indicates that
la,l is Rayleigh-distributed. Under the power control
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PEl[a)’]l= Pd*=P,=1 (29)
and substitute Eq. (29) into Eq. (25), we can get

SINR,=N/[ HX0,)(G,—1) 0 + H}(8,) G0’

+HY (0K~ Gy— G 0% + o] (30)

Under the Gaussian approximation, the bit error rate
(BER) can be written with the SINR, as

BER,= Q(VSINR,) (31

where (- ) is Gaussian approximation function. Using
following formula, we also can get the average bit error
rate: '

—— 1(. | _SINR, )
BER,= 2(1 2+ SINR, (32)

To compare the effect of array antenna, the SINR, for

the CDMA systems without array antenna can be
derived from Eq. (30).

<D N
SINR, = ———H

RV (K=1) o'+ o (33)
Substituting Eq. (33) into Eq. (32), we can obtain

BER, of the CDMA systems without array antenna.

1, M)
BER, jva= (1 2+ SINR,, ya @4

In Eq (30), SINR, denotes the average attainable SI-
NR(AA-SINR). It's independent of SSVs of users. In
order to get higher SINR,, it's necessary to apply Rake
in every sub-sectors, and Eq. (24)~Eq. (33) have not
considered the Rake's time processing for the multipath
CDMA signals.

Now, we consider the Rake effect in time domain.
Section 2 and Section 3 reveal that the proposed ST
Rake in fact is a combination of two 1-D processing
systems: 1-D beamformer and presented 1-D Rake. Thus,
we need not develop new SINR, and BER, formula
for 1-D Rake, we only apply the known results!"? for
each sub-sector, which is equal to a cell for classical
Rake analysis. We have

Di
2VARIN i l{a, ;6,31

SINR), rake™ + SINR, (35)

where SINR, is given in Eq. (30), D% and VAR
[Nsllay ;0,31 are given by [12]. Substitute Eq. (35)
into Eq. (31), we further get

BER, gope= QU SINR k. Rake) (3 6)

Different from [12], when applying Eq. (35) and Eq.
(36), the number of users is that of the given sub-sector,
other conditions should not change.

VI. Simulations

"In the simulation, we consider the joint multiuser
detection with N=8, the number of sensors of linear
antenna array, and K=31, the processing gain. The
spreading codes are the Gold sequences, o, ,=—1/31.
We assume that the DOAs of the signals from Ks=600
mobile stations are uniformly distributed in a cell, then
the number in a MIMO sub-sector such as [—10°, 10°]
should be (G,=33, the number in the neighborhood of
the sector such as [—15°, —10°] and [—15°, —107]
should be G,=17.

For a random spreading code assignment, the users
can be of their spreading codes randomly. We assume
the Rayleigh-distributed channels and the phase and
DOAs are correctly known. Moreover, the uniform linear
array(ULA) with the half wavelength spacing is used for
the antenna array of the base station, i.e. d=A/2. The
antenna element number N=8 with the array pattern
shown as in Fig. 3. Assume that |o, is Rayleigh-
distributed and

Elle,)’1=1, P,=1.

Substitute all the parameters into Eq. (26) and Eq.
(27), we can get SINR curves shown in Fig. 6 and
BER curves shown in Fig. 6. In the figures,

2Eb/NO= 1/(72.

The SINR curve and BER curve calculated by Eq.
(30)~Eq. (33) are shown in Fig. 6 and shown in Fig.
7, respectively.

In Fig. 6, the upper SINR curve denotes proposed ST
Rake TD-SCDMA system, the middle SINR curve
denotes presented TD-SCDMA system without ST Rake
only using beamformers, the lower SINR curve denoted
the classical CDMA system without ST Rake. Compared
with the latter two CDMA systems, the proposed ST
Rake CDMA systems obtained much higher SINR un-
der the condition of enlarging capacity of CDMA sys-
tems, with 600 users. Original designm for TD-SCD-
MA can support 48 users per carrier only.

Similarly, in Fig. 7, the lower BER curve denotes
proposed ST Rake TD-SCDMA system, the middle
BER curve denotes presented TD-SCDMA system with-
out ST Rake only using beamformers, the upper BER
curve denoted the classical CDMA system without ST
Rake. Compared with the latter two CDMA systems, the
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proposed ST Rake CDMA systems also obtain much
lower BER, under the condition of user capacity of 600
users.

The presented other papers have not consider the
problem of users capacity with multi-beamforming when
design their ST Rake receivers, while this paper ex-
plored the possibility of enlarging user capacity by ST
Rake and keeping the communication quality. However,
managing and switching MIMO sub-sectors are still
complex, need to be studied further.

VII. Conclusion

In this paper, we present an algorithm of space-time
Rake receivers that are based on the MIMO information
of the CDMA mobile signals. This paper revised the
presented TD-SCDMA BS design, to simplify the imple-
mentation of ST Rake as well as enlarge the system
capacity. The ST Rake of the paper can be realized by
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I-D spatial beamformers and 1-D Rake receivers, which
can reduce the BS complexity greatly, the diagram block
of proposed TD-SCDMA base station has been pro-
vided. Different from the presented ST Rake schemes,
this paper allows one beam to be shared many CDMA
users to increase the system capacity, and develops the
MIMO sub-sectors, which are constructed by nearly
orthogonal multi-beamforming of BS. The theory analy-
sis and simulations show that the proposed ST Rake
receivers are effective, and they can ensure good BER
and SINR performances under the complicated condition
of many mobile users in a MIMO sub-sector when a
cell is divided into many MIMO sub-sectors by the
proposed beamforming.
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