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Abstract—In order to achieve array gain and spatial diversity or
multiplexing gain simultaneously, a novel joint beamforming
based on MIMO and array antenna techniques, referred to as J-
BF, is proposed for the LTE and Wifi downlink. Array gain is
achieved from array antenna based beamforming, referred to as
AA-BF. Spatial diversity and multiplexing gains are achieved
from MIMO based beamforming, referred to as MIMO-BF. To
implement J-BF, i.e., joint AA-BF and MIMO-BF, an access
point (AP) is equipped with separate array antennas. Before
sending any data-frame in the J-BF mode, firstly, based on the
estimated omni-directional CSI, the directional beam can be
formed by the array antenna, and the array gain is achieved.
Secondly, based on the estimated directional CSI, MIMO-BF is
implemented to achieve the spatial diversity or multiplexing gain.
More importantly, the J-BF algorithm maintains compatibility
with 802.11n and there is not any change in terminals. Simulation
results show that the proposed scheme can support the joint AA-
BF and MIMO-BF effectively and provide much higher array
gain or spatial gains than the traditional MIMO or array antenna
respectively.
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l. INTRODUCTION

Due to the demand for higher date rates in wireless
communicaitons, some key technologies are proposed to
enhance the capacity of wireless networks, e.g., LTE/LTE-A
and Wi-Fi. MIMO precoding [1] is a very promising
technology in LTE and Wifi, which is a multi-stream
beamforming (BF) technique and can significantly improve
system capacity and diversity gain, referred to as MIMO-BF
[2]. MIMO-BF has demonstrated significant capacity
improvement in scatter-rich wireless environments, e.g., the
Rayleigh independent identically distributed (i.i.d) channel. In
order to exploit the diversity or capacity gain in MIMO systems
as large as possible, proper transmission precoding has been
proved to be very effective under the condition that the channel
knowledge information is available at the transmitter side[3].
Nevertheless, if the scattering is not rich enough at all, line-of-
sight (LOS) component will be presented with a high
probability, which can bring bad influence on MIMO-BF. As
we all know, the LOS is a component that exists by virtue of a
direct path between the transmitter and the receiver. And the
LOS component manifests itself if the separation distance
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between antennas is less than the coherent distance of the
channel.

In the traditional array antenna based beamfroming,
referred to as AA-BF [4], the same signal is emitted from each
of the transmit antenna arrays with appropriate phase and
amplitude so that the signal power is maximized at the receiver.
AA-BF can enhance signal quality and increase system
capacities without increasing the total transmit power [5].
Compared with MIMO-BF, AA-BF requires the LOS
component, and the antenna arrays are closely co-located.

Hence, there is an urgent demand for joint beamforming,
referred to as J-BF, to take full advantage of both AA-BF and
MIMO-BF simultaneously in variable environments. In this
paper, we present a J-BF strategy, i.e., joint MIMO-BF and
AA-BF, for the LTE or Wifi downlink, which can provide
spatial  diversity, multiplexing gain and array gain
simultaneously in different wireless environments. Moreover,
the J-BF is implemented in the transmitter, i.e., access point
(AP), and there is not any change in the receiver, i.e., mobile
station (STA). The proposed J-BF is effective in both
LTE/LTE-A and Wi-Fi, and for simplicity, we only consider
implementing it in Wi-Fi in this paper.

The paper is organized as follows. The system model is
introduced in Section Il. The joint MIMO-BF and AA-BF
algorithm is proposed in Section Ill. Simulation results are
provided in Section IV. In Section V, the conclusion is given.

Il. SYSTEM MODEL FOR JOINT BEAMFORMING

A.  System Model

To take full advantage of both MIMO-BF and AA-BF
simultaneously, each AP is equipped with Ny array antennas,
each of which consists of N, arrays, as shown in Fig. 1. These
array antennas are well separated from each other by a distance
D, which exceeds the coherent distance of the channel.
Moreover, in order to achieve the array gain as large as
possible, the arrays within each antenna are highly close to
each other [6]. According to the standard of Wifi, all STAs are
equipped with N omni-directional antennas.
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Consider a signal vector s of dimensional Nggx1 where
Ngg is the number of data streams. The signal vector is

multiplied by a matrix for MIMO-BF, WeCNNss and a
matrix for AA-BF, V e C(NoNaNrbrior 1o transmission. So
at the receiver, the received signal vector r of dimensional
Ny x1 is multiplied by the post-processing matrix P in order
to extract the desired signal from the receiver perfectly, which
can be expressed as:

S =Pr=P(HVWs+n) (1)

where the channel matrix HeCNvNrNa) ang the channel

noise neCN® | which is drawn from an ensemble of i.i.d
complex Gaussian random variables with zero mean and

variance o2 .
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Fig. 1 System model for joint beamforming
The AA-BF matrix V
V=diag{leaxl,v,z\,axl,...,vmle}, where Vi, is the AA-BF

could be expressed as:

vector of the i-th antenna at the transmitter. In order to
constrain  the total transmit energy, the  matrix

e (i Wi :
satisfies (V'Naxl) Via=1, where ()" denotes the conjugate
transpose operator.

The channel matrix H is  expressed  as:

1 2 N i H
H=[Hy,n,  Hugxn, o HNLy, 10 where H'NRxNa is the

channel matrix from the i-th antenna with N, arrays at the
transmitter to the receiver. For simple analysis, a set of channel
models in Wifi [7], is given in Tab. 1.

TAB. 1 CHANNEL MODELS

RMS delay

Environment Example

Model Spread (ns)
0 N/A N/A

15 Residential Intra-room, room to room

30 Residential/small office Conference room, classroom

TmMmoO O Wy

50 Typical office large conference room
100 Large office Multi-story office
150 Large space city square

I1l.  JOINT BEAMFORMING ALGORITHM

At the beginning, the transmitter works in the omni-
directional mode as it does not know both the MIMO-BF and

AA-BF matrix (i.e., W and V) corresponding to its receivers.
Before calculating the two vital matrixes in the J-BF mode, the
transmitter has to get the relevant CSI by which the W and V
can be naturally obtained. The reciprocity between the uplink
and downlink channels can be exploited to achieve the CSI [8].
Please note that the required CSI for MIMO-BF and AA-BF is

tremendous different.

Omni-direcitonal channel estimation
based on the LS algorithm

AA-BF based on the
Eigenbeamforming algorithm

Direcitonal channel estimation
based on the LS algorithm

MIMO-BF based on the SVD
algorithm

Fig. 2 Flow chart for J-BF

To implement J-BF in the LTE downlink, as shown in Fig.
2, firstly, the AP estimates the CSI of the omni-directional
channel through the uplink, and calculates the AA-BF matrix V
based on the estimated omni-directional CSI. Since then, the
AP transmits its packets in the AA-BF mode. Secondly, after
implementing AA-BF, the AP estimates the CSI of the AA-BF
channel through the uplink, and calculates the MIMO-BF
matrix W based on the estimated directional CSI. Finally, the J-
BF is implemented and the benefits including diversity, array
and multiplexing gains can be obtained through the J-BF mode
eventually. The detailed steps are shown in the following:

®  Omni-directional channel estimation

Wi-Fi is a typical OFDM-based packet transmission system,
which divides the bandwidth into N orthogonal subcarriers.
And the training symbols for N subcarriers can be obviously
represented by the following diagonal matrix:

X[0] - 0
X=| : )
0 - X[N-1]
where X[k] represents the training symbols at the k-th
subcarrier, k=012,....N-1  with E{X[k]}=0 and
Var{X[k]} = 7.
Given that the channel gain from the STA to the i-th
antenna at the AP is HiNaxNR[k] for the subcarrier k, the
received training signal Y can be expressed as



Y[0]
va Y[l

Y[N.—l]

xo] - 0 H, o, [0] z[0]
o HN, g 1] z

o o XN HiNaxN;[N—ll ZIN -1
=XHYy ., +Z (3)

where the channel vector Hi,\,aXNR from the STA to the i-th
antenna at the AP can be expressed as:

Nt = [H Nt [O1 Hiy g [+ HRy i IN=20T7 and  the
noise vector Z=[Z[0],Z[1].....Z[N —1]]" with E{Z[K[}=0
and Var{Z[k]} = o?.

In the following discussion, we assume that H denotes the
estimate values of the channel matrix HiNaxNR . And the least-
square (LS) estimation algorithm is used to get H in such a
way that the following cost function is minimized:

J (FO|Y-XA|P

= (Y - XFDOH Y - XD (4)

—YHY —YHXA-A" xHy+ A" xHxA

By setting the derivative of the function with respect to H to
zero, we can obtain

ﬂﬂ) ——2(xH Y)+ 2(XH XH)* =0 ®)

oH

Hence, X" XH =X"Y , which gives the solution to the LS
estimation as

= (xHx)] " xHy =xty (6)

With respect to the reciprocity between the uplink and
downlink channels, the downlink CSI from the i-th antenna at

the AP to STA, HiNRxNa , can be represented as:

N, = (DT W)

®  Array antenna based beamforming

There have been several effective AA-BF algorithms, e.g.,
direction-of-arrival (DOA) based beamforming [9] and
eigenbeamforming[10], for the AP to get the directional beams
based on the  estimated omni-directional  CSI.
Eigenbeamforming takes full advantage of the spatial

correlations by transmitting over the strongest beam to a given
user which can increase system capacity and reduce the
interference from others, and we take it as the AA-BF
algorithm in this paper.

Based on the estimated omni-directional CSI, the spatial
correlation matrix between the i-th antenna of the AP and its
STA is obtained as follows:

C —&{Mon, S Hin, | =120y ®)

The sorted eigenvalue decomposition of the correlation
matrix C' in the descending order is expressed as:

Na
C'=D'A' (DY =D A D D)™ i=12...N; (9)
k=1
where D,; corresponding to the largest eigenvalue 1y, is the
principal eigenvector of C'.

In eigenbeamforming, the AA-BF vector of the i-th
transmitter antenna at the AP, v' =D ; .

® Directional channel estimation

Obviously, after implementing AA-BF, the channel has
been changed seriously, which is not the initial omni-
directional channel. So we have to estimate the CSI of the
directional channel, referred to as Haagr, again. Similarly, it is
easy to estimate the AA-BF channel based on the LS algorithm
as shown in the first step.

® MIMO based beamforming

Several effective MIMO-BF algorithms have being studied,
e.g., Singular Value Decomposition (SVD) [11], Geometric
Mean Decomposition (GMD) [12], etc. In this paper, we just
take SVD into consideration.

The SVD of Haagr Can be expressed as:

Hanpr =UZWH (10)
where U and W are unitary matrices; X is a diagonal matrix of
the singular values of Haage in the descending order. The
MIMO-BF matrix W is achieved now.

Up to now, the AP has got the AA-BF and MIMO-BF
matrix, and then sends its packets in the J-BF mode.

® Decoding

In order to decode the desired signal from each antenna at
the STA, the received signal r should be multiplied by a
weight matrix P such that

S=Pr (11)

Some popular decoding methods can be exploited to
calculate P, e.g., the zero-forcing (ZF) and minimum mean
square error (MMSE) algorithm recommended. In order to
maintain compatible with 802.11n without any change in STA,
the ZF is taken into account.

The ZF technique nullifies the interference by the following
matrix:



P = ((Hvw)H v ) (Hvw) (12)

where () denotes the Hermitian transpose operation. That is to
say, it inverts the effect of channel as

S=Pr=s+n (13)
where 7= Pn = ((HVW)" HVW ) (HVYW)H .

IV. SIMULATION RESULTS

In order to evaluate the proposed joint beamforming
algorithm, the following simulations are performed under the
indoor channel model D [13]. The values of the parameters
used to obtain numerical results for simulations are specified in
Wi-Fi, and some of the main parameters are given in Tab. 2.
The distance between antennas at the AP is 0.5A and that
between arrays in an antenna is 0.25A. For comparison, both
the N; xN,xNg J-BF system and N; xNg MIMO system

are evaluated under the same scenarios. For simplicity, we
assume that both the AP and STA have the perfect CSI.

TAB.2 SIMULATION PARAMETERS

Parameter Value
Frequency 2.4GHz
Bandwidth 20MHz
Sptial data stream 1,2,3,4
OFDM Symbol Length 4us
CP Length 0.8us
FFT Size 64
Modulation Scheme 64QAM
Channel model D
AA-BF algorithm Eigenbeamforming
MIMO-BF algorithm SVD
Decoding ZF
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Fig. 3 BER performance of J-BF with variable Nt

The performance of J-BF using variable number of
antennas at the AP is examined in Fig. 3, where the number of
independent data streams is fixed at one. Obviously, the BER
performance of J-BF increases with the increasing transmit
antennas as it provides a larger diversity order of Ni.
Unfortunately, due to only one antenna at the receiver, we
cannot get any spatial multiplex gain under this scenario. On

the other hand, the performance of the N; xN, xNg J-BF is
much better than that of the Ny x Ny MIMO-BF as J-BF can
obtain array gain to improve the link quality.
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Fig. 4 BER performance of J-BF with variable N,

Fig. 4 shows that the performance of 4x2x4 and 4x4x4 J-BF
is much better than that of 4x4 MIMO-BF as J-BF can achieve
array gains by means of AA-BF. Moreover, the 4x2x4 J-BF
scheme is 2 dB inferior to the 4x4x4 J-BF scheme as the latter
one can obtain a greater array gain with a larger number of
arrays. Compared with Fig.3, the number of independent data
streams is 4 as Ng=4 in Fig.4.
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Fig. 5 Throughput of J-BF with variable Ng

Fig. 5 shows that system throughput of the 4x4x4 J-BF
scheme is much higher than that of the 3x4x3 or 2x4x2 J-BF
scheme as it achieves a greater spatial multiplex gain and can
support up to 4 independent spatial data streams while the latter
two schemes only support 2 and 3 spatial data streams,
respectively. Moreover, system throughput of the 4x4x4 J-BF
scheme is higher than that of the 4x4 MIMO-BF as J-BF can
achieve array gains.

V. CONCLUSIONS

In this paper, in order to achieve both array gain and spatial
diversity or multiplexing gain, a joint AA-BF and MIMO-BF,
called J-BF, is presented. Firstly, the AP estimates the CSI of



the omni-directional channel in the uplink, and calculates the
AA-BF matrix based on the estimated omni-directional CSI.
Since then, the AP transmits its packets in the AA-BF mode.
Secondly, after implementing AA-BF, the AP estimates the
CSI of the AA-BF channel in the uplink, and calculates the
MIMO-BF matrix based on the estimated directional CSI.
Hence, the J-BF algorithm is implemented, which is
compatible with 802.11n. Simulation results show that after
taking full advantage of both array antennas and MIMO, J-BF
can provide a much lower BER than the conventional AA-BF
and MIMO-BF respectively.

Currently, we are carrying out the following two researches.

Firstly, we are researching adaptive beam- forming algorithms
based on joint AA-BF and MIMO-BF. Secondly, in order to
introduce the joint beamforming, we are researching enhanced
SDMA protocols for 802.11n.
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