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Abstract—This paper investigates a spatial multiplexing MI-
MO scheme with beamforming and space-time block coding
(STBC) for downlink transmission. It combines SM-STBC with
beamforming under high spatial correlated channel, and has the
advantages of the three techniques. The proposed scheme utilizes
beamforming weights to build uncorrelated virtual channels
based on uplink direction of arrival (DOA) estimation, and
we calculate weights with the help of the water-filling power
allocation. The Butler fixed beamforming network is deployed to
receive parallel data streams due to its ability to form orthogonal
beams. We also propose a matching algorithm linking each data
stream to corresponding receive beam, and give the order of
successive interference cancellation detection. So the system can
transmit parallel data streams as well as providing beamforming
and diversity gain. Simulation results show the proposed scheme
has a better performance than the benchmark systems under the
same spectrum efficiency, and it is suitable for the rich scattering
environment.

I. INTRODUCTION

Multiple-Input Multiple-Output (MIMO) techniques have
become core parts of wireless communication systems during
the past years, due to their abilities to greatly increase spec-
tral efficiencies. Among them, spatial diversity, spatial multi-
plexing (SM) and beamforming are three MIMO techniques
studied extensively.

For spatial diversity technique (e.g., Alamouti space time
code [1]), it sends signals that carry the same information
through different paths, thus multiple independently faded
replicas of the data symbol can be obtained at the receiver.
In that way, a diversity gain can be achieved to increase the
reliability.

If the path gains between individual transmit-receive an-
tenna pairs fade independently, by transmitting independent
information streams in parallel through the spatial channels,
the data rate can be increased. This is spatial multiplexing,
which brings spatial multiplexing gain, such as Vertical Bell
Labs Layered Space-Time (V-BLAST). Generally, the spatial
diversity and spatial multiplexing techniques require the an-
tenna spacing being large enough to form independent/low-
correlation fading channels.

While smart antenna technique processes received/transmit
signals by highly correlated antenna array with beamforming
technique [2], [3]. It is able to provide high directional
beamforming gain and reduce the interference from other

directions under MIMO channel. Usually, the antenna spacing
is set to half wavelength.

Since they have respective advantages, it is natural to
consider integrating them so that the whole system can benefit
from more than one technique. Recently, there are many
researches focusing on combining beamforming and space-
time block coding (STBC) techniques [4], [5], [6]. they
artificially generate statistically uncorrelated fading channels
using transmit beamforming weights to achieve full diversity
in highly correlated channels, whereas no spectrum efficiency
is improved. The combination of spatial multiplexing with
beamforming has also been investigated in [7], which uses
multiple smart antenna arrays spaced far enough to guarantee
the precondition of spatial multiplexing, but no considering the
limitation of array size. Moreover, combining SM with STBC
is also studied in [8], [9], they either transmit STBC signals
through parts of the antenna arrays, or transmit signals coded
by STBC through all antennas.

In this paper, a spatial multiplexing transmit scheme with
beamforming and STBC is proposed, which has the benefits
of three techniques. It not only has the spectrum efficiency
improved, but also achieves the diversity and beamforming
gain. Using beamforming weights to build uncorrelated virtual
channels and Butler fixed beamforming network (FBN) [10],
[11] to receive parallel data streams, the scheme shows a good
bit error rate (BER) performance in the simulation.

The rest of the paper is organized as follows. First, the
system model and structure are illustrated in Section II. Then
the details about the system and relevant algorithms are
introduced in Section III. In Section IV, simulation results and
some comparisons are given. Finally, the paper is concluded
in Section V.

II. SYSTEM MODEL

A. Transmitter Structure

In this paper, we refer STBC to Alamouti’s scheme with
two branches [1]. Figure 1 shows the system structure of
the proposed SM-STBC with beamforming technique. The
transmit data stream S(t) is divided into P parallel sub-
streams Si(t) (for i = 1, . . . , P ). The signals Si(t) and
Si(t + 1), to be transmitted at time instant t and t + 1, are
coded in an STBC module. The module outputs, in parallel,



STBCSTBC

STBCSTBC

STBCSTBC

( )S t

1( )S t

2 ( )S t

( )
P
S t

11( )s t

12 ( )s t

21( )s t

22 ( )s t

1( )P
s t

2 ( )P
s t

11
¢w

12
¢w

21
¢w

22
¢w

1P
¢w

2P
¢w

++ TXTX

DOA estimation

and weight

computation

DOA estimation 

and weight 

computation 

Path 1

Path 2

Path L

N×N

Butler

FBN

N×N

Butler 

FBN 

Switch

Interference

cancellation

detection

Interference

cancellation

detection

Data processingData processing 

1l¢
w

2l¢
w

3l¢
w

4l¢
w

Fig. 1. System structure

si1(t) = Si(t)/
√
2 and si2(t) = Si(t+1)/

√
2 at time instant t,

then si1(t+1) = −S∗
i (t+1)/

√
2 and si2(t+1) = S∗

i (t)/
√
2 at

time instant t+1, respectively, where ”∗” denotes the complex
conjugate operation. Intuitively, we have[

si1(t) si1(t+ 1)
si2(t) si2(t+ 1)

]
=

1√
2

[
Si(t) −S∗

i (t+ 1)
Si(t+ 1) S∗

i (t)

]
(1)

Then all the outputs sik(t) (for i = 1, . . . , P ;k = 1, 2)
are passed into the beamforming network, and each sik(t) is
weighted by a column vector w′

ik, computed by the weight
computation module. If a subscript substitution m = 2(i −
1) + k works, then we call the STBC output sik(t) “branch
m”. It should be noted that the superscript (·)′ is added to
distinguish from weighting vector wl described in Section III.
A signal combiner then performs a simple summing function
of the weighted outputs w′H

iksik(t), and the vector x(t) is
transmitted through the M transmit antennas

x(t) =
∑

i=1,...,P ;
k=1,2

sik(t)w
′H
ik (2)

where the superscript “H” denotes the Hermitian transpose.

B. Spatial Channel Model
The channel model adopted in this paper is simplified

3GPP spatial channel model (SCM) [12], which means the
delay spread is assumed to be small enough compared to
the symbol interval and the Doppler effect is also ignored
since a stationary receiver is supposed. Moreover, the cluster
angle spread within a scatterer cluster is assumed to be zero
approximately, so the 20 sub-paths in each cluster is added up
forming a main path. According to [12], SCM supposes there
are L = 6 significant scatterer clusters, i.e., we have L = 6
main path, each path l is characterized by its path power Pl,
angle of departure (AoD) θl,AoD, and angle of arrival (AoA)
θl,AoA. Then the instantaneous channel response matrix can
be written as

H(t) =
L∑

l=1

√
Pla(θl,AoD)aT (θl,AoA) (3)

where a(θl) is the steering vector of the l-th path at AoD/AoA
θl. For a uniform linear antenna (ULA), the steering vector can
be expressed as

a(θl) = [1, ejkd sin(θl), . . . ejk(M−1)d sin(θl)]T (4)

where d is the antenna spacing, M is the number of antenna
elements, k = 2π

λ within λ is the carrier wavelength and the
superscript “T ” denotes the transpose operation.

C. Receiver Structure

In our setting, the Butler FBN (see Fig. 2) is deployed to
form orthogonal beams because it is simple and only one RF
chain is needed. The peak of any beam coincides with nulls
of all other beams. Even though all signals at the beamformer
input ports are transported to all output ports, the signal from a
source located along one of the main beams will only appear at
the corresponding output port, which means a port corresponds
to a beam. Hence, the beamformer network allows for the
spatial separation of the signal sources.

Suppose receive antenna number is N . According to [10],
Butler matrix is capable of producing N beams, requiring N
is any integral power of 2. In addition, the N × N Butler
matrix B = [b1, . . . ,bN ]T is given by

bnk =
1√
N

ej
2π
N (n− 1

2 )k, n, k = 1, . . . , N (5)

and bj is the weight producing the j-th beam with a main
beam direction θj .

If the row vector y(t) =x(t)H(t) is used to denote the
received signal before Butler FBN, the output signal from the
j-th port of the Butler FBN is given by

rj(t) = (y(t) + nT )bj= (x(t)H(t)+nT )bj

=
∑

i=1,...,P ;
k=1,2

sik(t)w
′H
ikHbj + nTbj (6)

where n is the additive white Gaussian noise (AWGN) column
vector. With reasonable design, all the information of a sub-
stream can be received by a beam, while the interference from
other sub-streams can be considerably mitigated. Using two
consecutive output signals of certain ports of the Butler FBN,
i.e., rj(t) and rj(t+1) for each candidate j, we can accurately
recover each sub-stream through linear nulling and successive
interference cancellation procedure described hereinafter.
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III. DETAIL OF THE SCHEME

Although the proposed structure is presented in Section
II, some essential questions are still unknown, such as what
the transmit beamforming weights are, which receive beam is
responsible for specific sub-stream, and what kind of order is
taken to recover sub-stream sequentially. In this section, we
will illustrate the scheme in details covering above questions.

A. The Transmit Beamforming Weights

Suppose the transmitter has already known the fading co-
efficient αl =

√
Pl and the AoD θl,AoD of L paths through

uplink direction of arrival (DOA) estimation. The beamform-
ing weights are designed to form L equivalent statistically
uncorrelated fading channels to achieve higher diversity order,
meanwhile the weights are generally selected to maximize
beamforming gain. Conventionally, the transmit beamforming
weights can be decided by the following optimization problem

J = max
wl

∣∣wH
l a(θl,AoD)

∣∣2
s.t. wH

l a(θi,AoD) = 0 l = 1, . . . , L; i ̸= l
L∑

l=1

wH
l wl = 1

(7)

where the optimal object
∣∣wH

l a(θl,AoD)
∣∣ (for l = 1, . . . L)

denote beamforming gain (also relate to equivalent channel
gain). Constraint condition 1 guarantees uncorrelation between
equivalent channels, and condition 2 is transmit power con-
straint. This optimization problem (7) can be solved by the
null space theory.

It should be noted that the subscript ”l” of wl refers to the l-
th path, i.e., path l has its specific weight wl for transmission.
Moreover, if we rewrite w′

ik in (2) as w′
m, wherein m =

2(i − 1) + k is subscript substitution for simplicity, so the
corresponding relation between w′

ik and wl can be given as
w′

ik = w′
m = wl′m , wherein l′ is a certain permutation of

(1, 2, . . . , L). Determining the permutation is the objective in
Section III-B.

However, the weight from (7) lead to a problem, that is, the
actual path l with small fading coefficient may be transformed
to an equivalent channel with much smaller gain compared to
others, making the symbols transmitted through this path hard
to detect or submersed in noise and interference. To repair this

drawback, we combine power allocation with beamforming
weight calculation. According to the concept of water-filling
power allocation, the smaller the channel fading coefficient is,
the more power will be allocated, so we change (7) as

∣∣wH
l a(θl,AoD)

∣∣2 = 1
Pl

wH
l a(θj,AoD) = 0 j ̸= l

(8)

where wH
l a(θl,AoD) (for l = 1, . . . L) are fixed by the l-th

path power, and equal to the reciprocal of fading coefficient
αl. Obviously more power is filled into the small gain path,
resulting a balance between the equivalent channel gains.
This method shows its advantage in the proposed orthogonal
switched-beam system shown in Section IV.

Let A = [a(θ1,AoD),a(θ2,AoD), . . . ,a(θL,AoD)], W =
[w1,w2, . . . ,wL]

H , then (8) can be rewritten as

W ·A =


√
P1

−1
0 0 0

0
√
P2

−1
0 0

...
...

. . .
...

0 0 0
√
PL

−1

 = C (9)

Since A and C are known from uplink DOA estimation,
combined with the fact that transmit antenna number M is
generally larger than path number L (it is also required in
uplink DOA estimation), we can get the least-square solution
to (9) as

W = C ·A† (10)

where the superscript ”†” denotes Moore-Penrose inverse.

B. The Matching Algorithm

For a STBC outputs si1(t) and si2(t), the two corresponding
weights w′

i1 and w′
i2 should be assigned, so as the cor-

responding receive beam j. However, we still do not know
which the two corresponding weights are and which beam
is chosen to receive this sub-stream. As mentioned above,
finding the two corresponding weights is equal to determining
the permutation l′, so a method is proposed to determine the
permutation l′ and the beam j.

First, let l′ = [1, 2, . . . L], so w′
ik = w′

m = wm, wherein
m = 2(i− 1) + k, which means STBC branch m is weighted
by wm. Notice wm is the specific weight of path m derived
from (10). Then we transmit training sequence on branch
m, while other branches are forbidden to transmit signals.
Each beam j at the receiver, i.e., each port of Butler FBN,
alternately calculates their receive powers, stored as pm,j .
Next, we send the training sequence on branch m + 1 and
get receive power pm+1,j . After all branches are traversed,
a matrix P is obtained, whose element pm,j indicates the
equivalent channel quality between branch m and beam j.
Now, we continue to find the first two elements of l′. For
each column j of P , the path interference index is calculated

by Ij =
p
m

j
1,j

+p
m

j
2,j∑

m ̸=m1,m2

pm,j
, where m

(j)
1 and m

(j)
2 are the row index

of first and second largest elements of column j, respectively.
After that, we pick up the biggest element Iv of I , matching
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Fig. 3. Flowchart of the matching algorithm

the beam v to the weights w
l′1=m

(v)
1

and w
l′2=m

(v)
2

, and we

have l′1 = m
(v)
1 and l′2 = m

(v)
2 , so branch 1 and 2 have their

weights wl′1 and wl′2 with corresponding receive beam v.
Finally, set the row P

m
(v)
1

and P
m

(v)
2

to 0, so does the column
Pv, then repeat the process of path interference calculating,
picking and matching until all branches are assigned weights
and receive beam. For explanation, the flowchart is given in
Fig. 3. The information about l′ can be fed back to transmitter
through uplink.

C. The Detection Process

Above algorithm has provided the mapping table, and
permutation l′ is determined as well. Now we focus on a sub-
stream Sn(t) to illustrate the proposed detection scheme. The
sub-stream is encoded into sn1(t) and sn2(t) and weighted by
wl′2n−1

and wl′2n , the same processes are applied to other sub-
streams. Suppose the mapping table gives the receive beam j
matched to wl′2n−1 and wl′2n for receiving Sn(t), thus based
on (6), the received signal of beam j can be expressed as

rj(t) =
∑

i=1,...,P ;
k=1,2

sik(t)w
′H
ik

(
L∑

l=1

√
Pla(θl,AoD)aT (θl,AoA)

)

· bj + nTbj

(11)

Since w′
ik = w′

m = wl′m , and from (8) we know
wH

l′m
a(θl,AoD) = 0, l ̸= l′m, then (11) becomes

rj(t) =
∑

m=2(i−1)+k;
i=1,...,P ;k=1,2

sm(t)wH
l′m

√
Pl′ma(θl′m,AoD)

· aT (θl′m,AoA)bj + nTbj

(12)

if we define the equivalent channel or virtual channel βm,j

from signal branch m to j-th beam receiver as

βm,j =
√
Pl′mwH

l′ma(θl′m,AoD)aT (θl′m,AoA)bj (13)

thus we have

rj(t) = sn1(t)β2n−1,j + sn2(t)β2n,j

+
∑

m=2(i−1)+k;
i̸=n;k=1,2

sik(t)βm,j + nTbj (14)

Obviously, the interference term caused by other multiplex-
ing sub-streams will significantly degrade system performance.
In our scheme, spatial filtering of each beam can mitigate
the interference. More specifically, aT (θl′m,AoA)bj in (13)
represents the spatial separation of the signal sources. If a
signal source is located along the direction of main beam,
aT (θl′m,AoA)bj will reach the peak, while the signal source
is far from the mainlobe, aT (θl′m,AoA)bj fall to extremely
small. Since we choose, for every step in the matching
algorithm, each receive beam from the largest Iv, which means
interference in each chosen beam is always smallest compared
to other possible choices, the proposed receiver structure can
extract desired signals from interference. Suppose the βm,j is
known through estimation, the conventional STBC detection in
[1] uses two consecutive signals rj(t) and rj(t+1) to recover
Sn(t) and Sn(t+ 1).

Another effective method is successive interference cancel-
lation (SIC). Since the Iv of matching algorithm is actually
proportional to the designed signal to noise plus interference
ratio (SINR), it is easy to know the first picked beam v has
a relatively higher SINR. If we begin our detection process
from first picked beam v, it guarantees a relatively accurate
Si(t) corresponding to beam v. After the sub-stream Si(t) is
recovered, we can cancel its interference in the receive signals
of other beams. Then we recover the signals corresponding to
the second picked beam, and go on. By this order, the first
and last beam can benefit from high SINR and interference
cancellation respectively, guaranteeing a good overall perfor-
mance.

IV. SIMULATION RESULTS

The system performance in terms of the BER is evalu-
ated through computer simulations. It is generally assumed
that a base station is equipped with 8-element and half-
wavelength spaced ULA antenna array while a receive terminal
has 4-element antenna array with half-wavelength spacing.
The channel is produced as described in Section II-C, more
specifically, the SCM scenario is selected as urban-macro, and
θl,AoD and θl,AoA of l-path is zero-mean Gaussian random
variables with respect to the line of sight (LOS) direction,
ranging from (−π

2 ,
π
2 ). Other parameters are default values of

SCM program. QPSK modulation is assumed for simulations.
The BER performance of a specific propagation environ-

ment is shown in Fig. 4. For comparison, four benchmark
systems are chosen under the same spectrum efficiency. They
are 3×4 V-BLAST system with QPSK, 2×4 STBC system
with 64QAM, 8×4 combined beamforming with STBC system
described in [4] with 64QAM, 6×4 Alamouti-based SM
system described in [8] with QPSK. The specific AOAs of
paths are (46.1◦,−27.6◦, 45.7◦, 89.0◦, 74.8◦,−21.1◦). From
Fig. 4, we know under the high spatial correlation SCM
channel, the V-BLAST and STBC technologies perform badly
since they require low spatial correlation, while the combined
beamforming with STBC perform better than them due to the
built uncorrelated channel. The SM-STBC system outperforms
V-BLAST, because it gets the diversity gains. The proposed
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64QAM. All the results are simulated in high correlated channel.

hybrid scheme achieves an extremely good performance, be-
cause the specific AOAs appear pairwise, so the receive beam
can easily separate each sub-stream, and interference within a
receive beam can be much small. The slope of BER curve of
the proposed scheme is larger than the SM-STBC system and
STBC with beamforming system, implying it achieves both
diversity gain and beamforming gain. This results also tell us
the proposed scheme is suitable for rich scattering environment
such as urban microcell, since this environment provide the
widely spread AOAs, fitting the inherent requirement of the
scheme.

Figure 5 shows the performance of the proposed scheme
with Kaiser-Bessel window [13] for comparison. We are
surprised that Kaiser-Bessel window do not improve the
performance, on the contrary, it degrades the system BER
performance. The reason is windowing processes indeed re-
duce sidelobe power, but they also broaden mainlobe width,
so more undesired power is received in a beam, degrading
the performance. Moreover, BER of the system with weights
obtained by (7) is also given in Fig. 5. Obviously we know
the conventional weight computation method can not be used
in the proposed scheme.

V. CONCLUSION

A spatial multiplexing MIMO scheme with beamforming
and STBC for downlink transmission is proposed in this paper.
The proposed scheme enable transmitting parallel data streams
as well as obtains the beamforming and diversity gains. It
utilizes beamforming weights to build uncorrelated virtual
channels for data sub-streams and Butler fixed beamforming
network to receive parallel sub-streams. The simulation results
indicate the scheme performs better than benchmark systems
in high correlated channel under the same spectrum efficiency,
and is very suitable for rich scattering environment.
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