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Abstract: Beamforming-array signal processing is a powerful means of increasing capacity and coverage of the mobile
communication networks. It supports the next generation broadband cellular system to efficiently carry populated traffic over a
limited spectrum due to its co-channel interference mitigation capability.

This paper presents performance comparison of three beamforming methods namely null steering, minimum variance
distortionless response (MVDR) and minimum mean square error (MMSE) beamforming. It is observed that MMSE beamforming is
most suitable for practical non-line-of-sight multipath environment.

The work is further extended to downlink beamforming problem for multicell network which is formulated as minimization of
transmitted power by all base stations (BSs) subject to SINR constraints at each mobile. The conventional per cell basis
beamforming and coordinated multicell beamforming are implemented to achieve downlink transmit power optimization using
downlink beamforming. Both algorithms use uplink (UL)-downlink (DL) duality concept to solve complicated DL beamforming by
using dual uplink problem.

Per cell basis beamforming treats intercell interferences as a part of background noise while coordinated multicell beamforming
considers intercell interferences for weight vector calculation. Thus, per cell basis optimization does not lead to a joint optimal
solution which is possible by coordinated multicell beamforming. The important feature of coordinated beamforming algorithm is
that, it leads to distributed implementation in time division duplex (TDD) system. The distributed implementation is less complex
and requires only beamforming level coordination unlike centralized implementation which requires system level coordination and
thus it is more complex.

Thus, in this paper per cell basis beamforming and coordinated multicell beamforming has been implemented and compared for
mobile wimax multicell network. The simulation results proved that coordinated beamforming outperforms per cell basis
beamforming for different values of SINR and user locations.

Keywords: Array signal processing, beamforming, multicell network, uplink-downlink duality.

I. INTRODUCTION

IN recent years there is an enormous rise in the traffic for mobile and personal communication systems. This is due to
dynamic business and social applications which has driven the popularity of mobile data services and created a need for
all-time connectivity at any time and anywhere. Far beyond simple voice communication, today’s wireless networks
must support applications such as internet access, video streaming etc. Thus major demands for next generation mobile
communication system are,

1) broadband data rates.

2) high capacity to support increasing traffic load over limited spectrum.

3) high quality of service in affordable prize.

To achieve high data rates and high capacity it is needed to reduce interferences and noise which greatly affects the
performance of cellular system, and increase the desired signal power. With limited spectrum availability, achieving
this goal is difficult due to co-channel interferences. So more advanced technologies are desperately needed to fulfill
the need of next generation wireless mobile communication.

Beamforming- antenna array signal processing is one of the most powerful and promising technology which reduces
co-channel interferences and noise and thereby ensures high signal to interference noise ratio (SINR). Beamforming
antenna has the ability to focus energy in direction of desired users and nulls in direction of interferences. Such
directional transmission reduces co-channel interferences and allows co-channel users to be separated by spatial
multiplexing, thereby increasing capacity of cellular network. Beamforming systems require less transmission power as
compared to omni-directional antennas. Thus it helps to reduce transmission power without degrading quality of
service. Also the directional transmission increases coverage by each base station (BS) thereby reducing capital
expenditure and operating expenditure which gives cost efficient network deployment. Thus beamforming has proved
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its benefits for next generation mobile cellular networks and helps mobile wireless operators to provide high speed data
services as per the demand in affordable price to subscribers by supporting large number of users over limited available
spectrum.

In this paper, performance evaluation has been carried out for beamforming design methods namely null steering,
minimum variance distortionless response (MVDR) and minimum mean square error (MMSE) beamforming. The work
is further extended to downlink (DL) / transmit beamforming problem for multicell network, which is of great interest
nowadays as in conventional wireless system antenna arrays are typically deployed at base station, whereas the mobile
terminals are equipped with single antennas. In this work downlink beamforming problem is formulated as
minimization of transmitted power by all base stations (BSs) subject to SINR constraints at each mobile station (MS).
Downlink (DL) / transmit beamforming is more complicated than uplink (UL) / receive beamforming as all
beamformers must be optimized jointly. Thus, complicated downlink problem is solved by dual uplink problem which
is easier to solve. The UL-DL duality concept is used to solve DL beamforming problem efficiently.

The conventional per cell basis beamforming algorithm and coordinated multicell beamforming algorithm are
compared to study the benefits of BS coordination in multicell network for power optimization using downlink
beamforming. The coordinated multicell beamforming algorithm considered in this paper is implemented in distributive
fashion in time-division duplex (TDD) system as it only requires beamforming level coordination and thus it is easy to
implement.

A. Related Work

The overview of beamforming technology and different beamforming methods for narrowband and broadband
signals have been investigated by L. Godara, 1997 [1]. The implementation of different beamforming algorithms is also
presented in literature [2], [3], [4]. Out of different beamforming algorithm null steering, MVDR and MMSE
beamforming is found more attractive for wireless communication systems.

Recently transmit/downlink beamforming problem has been proposed in many works [5]-[17]. The downlink
beamforming problem can be formulated in two ways as:

1) Reduce the transmitted power by BS subject to SINR constraints at each MS. Thus in this lower limit on SINR is
fixed. For this limit transmitted power is optimized so as to reduce interference to the other users in cell and out of cell.
2) Optimized SINR subject to transmit power constraint of BS. In this target transmission power of BS is fixed and
SINR at MS is optimized to achieve high throughput rate (bps/Hz) [S]-[8].

For DL beamforming weight vector calculation channel state information (CSI) is required. In frequency division
duplex (FDD) system, UL and DL channels are different. Thus for DL beamforming, DL channel is estimated at MS
and is feedback to BS for weight vector calculation. Performance of DL beamforming is greatly affected due to limited
bandwidth of feedback channel. This limitation is overcome by efficient weight vector codebook design. In
Grassmannian weight vector codebook design method the correlated vectors are removed to reduce the size of
codebook [9] and codebook is made available to both BS and MS. When signal arrives at MS, it estimates the best
weight vector from predetermined codebook which matches the estimated channel. The index of this weight vector is
feedback to BS. By using this feedback, BS selects the weight vector from codebook to achieve optimum transmission.
For temporally correlated channels feedback compression algorithm is proposed to compress feedback CSI in alternate
feedback intervals [10].

In time division duplex (TDD) system UL and DL channels are reciprocal and thus complicated DL transmit
problem can be solved by UL receive beamforming by using UL-DL duality concept [11]-[14], [17]. In single cell
scenario downlink power optimization is done on per cell basis which considers intercell interference as a part of
background noise [13], [14]. This single cell DL beamforming problem can also be formulated as a second order cone
programming (SOCP) problem [15]. This helps to interpret UL-DL duality via Lagrangian theory of convex
optimization [14], [16], [17].

For multicell DL beamforming, coordination between different BSs in network is needed, which is achieved in
centralized or distributive manner. In centralized co-ordination scheme, the BS’s in different cells act as single BS with
distributed antennas and schedules the user by estimating weight vector corresponding to best channel out of all
available channels. At particular instant BS which has the best channel serves the user and weights are calculated for
that channel. Thus centralized coordination requires, to exchange large data among all BSs, all BSs need to have access
to data destined for MSs of other BSs and also scheduling decision will be jointly made at the BSs. This increases
feedback overhead and complexity [18]-[22].

Unlike centralized beamforming which requires signal level coordination, distributive coordination requires
beamforming level coordination [17]. In distributive coordination, each BS performs beamforming for its own users by
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considering intercell interference for weight vector calculation. Thus there is no centralized beamforming and user
scheduling which makes system implementation much easier than centralized coordinated network.
B. Organization

The remainder of the paper is organized as follows. Section II contains beamforming design methods. Downlink
beamforming and transmission power optimization is presented in section III. Section IV gives simulation results
followed by concluding remarks in section V.

II. BEAMFORMING DESIGN METHODS

This paper presents three methods of beamformer design namely Null steering beamforming, Minimum variance
distortionless response (MVDR) and Minimum mean square error (MMSE). Depending on system requirement one of
the methods can be selected for beamformer design.

A. System Model

A single cell with M mobile users and base station with L-element antenna array is considered. Let there be d desired

signal sources and 1 interference sources transmitting on same frequency channel simultaneously. Then the signal

received by antenna array becomes,
d 1

X© = ) a@)5(0 + ) amx@si® +n©® (1)
k=1

=1

where a; () is a array steering vector denoting the amplitude gain and phase shift of the signal of i user. j denote the
desired users and k denote interferences. s; (t) is signal vector and n(t) is random noise component with zero mean and
unity variance.

The beamformer system output can be written as,

y(©) = wHx(1) )

where w is weight vector and superscript H denote conjugate transpose.

B.  Null Steering Beamforming Algorithm

Null-Steering Beamformer forms a beam in the desired direction and nulls in interference directions. Two modes of
null-steering beamforming are considered, null steering beamforming for single desired user and multi-beamforming
for multiple desired users. Thus, the null-steering beamforming problem can be formulated as,

1) Estimation of Direction of Arrivals (DOAs) using DOA Algorithm: Minimum variance distortionless response
(MVDR) DOA algorithm is used for DOA estimation for which the power spectrum is given as [1],

1

HR-1
aq,R a,

Puy (o) = 3)

where R is array correlation matrix defined by R = E [x(t) X))
2) Validation Process: Once DOAs are estimated for all incoming signal, next is validation process which separates out
desired signal from interferences. If after validation process, it is found that there is only single desired user and others
are interferences then null steering mode is invoked. If it is found that there is more than one desired user then multi-
beamforming mode is invoked.
3) Null Steering Beamforming: The open loop null steering algorithm has developed to satisfy following constraints
[23], [24]:

a) to make wh a,=0;

b) to maximize || wh agll

where a4 array steering vector for a desired user and a, array steering vector for a interferences.
An optimal weight for a null steering array is given as [23],
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w=[I-aa a) ! 4] ag )

where I} is LxL identity matrix.

4) Multi-Beamforming: During signal validation process, if it is observed that there are more than one desired user
then multibeam mode is triggered. The weight vectors for all desired users are calculated by using (4). In this mode,
due to the presence of multiple desired users the time window is defined for each user. Certain percentage of duty cycle
is allocated to each user such that for the assigned time period beam is formed towards that user [3]. Thus for certain
percentage of time duration one user is served and for next interval the other user is served.

C. Minimum Variance Distortionless Response (MVDR) Beamforming Algorithm

The MVDR beamformer does not require the knowledge of the directions of the interferences for weight vector
calculation. It requires only the direction of the desired signal.
MVDR weight vector is given as [25], [26]

_ Ray(®)
YT @) R Tag(0) ©

These weights are the solution of the following optimization problem:
minimize wW"Rw  subjectto w"aq (@) =1. (6)

Thus, the beamformer weights are selected by minimizing the mean output power while maintaining unity response
in the look direction. The constraint ensures that the signal passes through the beamformer undistorted. Therefore, the
output signal power is the same as the look-direction source power. The minimization process then minimizes the total
noise, including interferences and uncorrelated noise. Minimization of total output noise, while keeping the output
signal constant is same as maximizing the output SINR. As MVDR beamformer maximize SINR only in one direction,
this beamformer is not suitable for non-line-of-sight (NLOS) multipath environment where desired signal get scatter in
many directions. Thus it can be implemented for rural environment where multipath signals do not exist.

D. Minimum Mean Square Error (MMSE) Beamforming Algorithm

In multipath fading environment, MMSE beamformer gives the optimum result. This beamformer utilizes reference
signal which is correlated to desired signal and uncorrelated with interferences. In MMSE algorithm the array output is
compared with reference signal, thus weight vectors are calculated such that beams are produced in the direction of
multipath signal those matches with reference signal unlike MVDR. Thus, the MMSE beamforming is optimum
candidate for NLOS urban environment, as it not only reduces the interference but also multipath fading is mitigated.

In MMSE beamforming array output is subtracted from an available reference signal r(t) to generate an error signal
g(t) = r(t) — w"'x(t), which is used to control the weights. Weights are adjusted such that the mean square error between
the array output and the reference signal is minimized. The optimal weight vector is given by Wiener—Hoff equation
[25], [26]

w=R"z (7)
z = E[x(t) r(t)""] ®)
where z is the cross-correlation between the reference signal r(t) and the signal vector x(t).

III. DOWNLINK BEAMFORMING AND TRANSMISSION POWER OPTIMIZATION
In conventional wireless system, antenna arrays are typically deployed at base station, whereas the mobile terminals
are equipped with single antennas. Thus, beamforming has to be performed in downlink to achieve desired performance.
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Downlink beamforming is more complicated than uplink as in DL all beamformers must be optimized jointly. Due to
nonorthogonal transmission in cell, the specific choice of one of the user’s beamformer may affect the crosstalk
experienced by other users. Hence, the SINR values of all users are coupled, which makes downlink beamforming a
complicated task. The uplink beamforming is achieved independently at each BS while in downlink beamforming BS
has to consider SINR at the all MSs to optimize the beamformer output. As a result, downlink beamforming has to be
done jointly in the entire network.

In this paper downlink beamforming problem is formulated for minimization of transmitted power across all BS
subject to SINR constraints at each mobile receiver. This paper presents per cell basis optimization and coordinated
multicell optimization algorithm for downlink beamforming of multicell wireless network.

A. Problem Formulation

1) System Model: This paper considers a multicell multi-user spatial multiplex system with N cells and K users per
cell, with N; antennas at each base-station and a single antenna at each remote user. Multiuser downlink transmit
beamforming is employed at each base-station. Let x;; be a complex scalar denoting the information signal for the i
user in the i" cell, and wi; € CN' be its associated beamforming vector. The received signal at the j™ remote user in the

ith cell, denoted as y;j, is a summation of the intended signal, intracell interference, and intercell interference:

— H H

Vij = Z hijwixg) + Z N i jWim,nXmn 0 9
1 m#i,n

where hy;; € CN is the vector channel from the base station of the 1™ cell to the j‘h user in the i™ cell, and n;; is the

additive white circularly symmetric gaussian complex noise.

Transmit Beamforming Problem: Let w;; be the beamforming vectors, then the SINR I'j; for the j™ user in the i™ cell
can be expressed as [17]
H 2
|wijhis,
Fi.i = H 2 H 2 ) (10)
Zl¢j|wi,1hi,i,j| + Zm#i,n|wm,nhm,i,j +o

Let v;; be the SINR target for the j™ user in i™ cell. A total transmit power minimization problem subject to SINR
constraints can then formulate as follows:

K
minimize E & wi':[-wi,]-
i=1

subject to I'y; = Yij vi=1..N,j=1..K (11)

where q; is the power constraint of each BS and the minimization is over the w;;’s.

In conventional per cell basis optimization, multicell beamforming problem is solved by considering out-of-cell
interference as a part of background noise and beamformers of all out of cell mobile stations (MSs) are fixed. For
calculation of beamforming weights conventional beamformer only considers the interference of users in same cell and
optimizes transmitted power. It does not consider intercell interference for calculation of weight vector. Thus, per-cell
basis optimization does not necessarily lead to a joint optimal solution. Significant performance improvement may be
obtained if base-stations coordinate in jointly optimizing all of their beamformers at the same time.

Joint optimal solution i.e. coordinated beamforming for multicell in which each BS calculates the weight vector for
each user by considering channel and power of the other users in its own cell as well as the neighboring cell. Such
coordination helps to mitigate interference in the scenario when two users belonging to two different cells are present
along the same direction and are at cell edge. In such situation the two base station schedules the users such that beam
for both users are not formed simultaneously [27]. For such coordination channel state information is required to
exchange between two base stations. If users are not at cell edge but both are at same spatial location coordinated
beamforming is done reduced the transmitted power subject to SINR at each user.
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B. Conventional Per Cell Basis Beamforming

To solve the downlink beamforming problem with per cell basis optimization, power minimization algorithm for
single cell which has proposed by Martin Schubert and Holger Boche [13] has been extended for multicell network. It
can be proved that the SINR at each user is inversely proportional to cross-talk between the users. The optimal
beamforming weights are calculated to reduce cross-talk between the users and to achieve feasible SINR region (i.e.
SINR > v) and once it is achieved transmission power is minimized. An illustration of the algorithm is given in fig. (1).

CUL(UY Psum)

global
power minimum

U

U®
U®

U®

I
/“ U
Y , initialization (infeasible)

i (:;‘) a7 arry T - sum power
PsumPsu.m .«J(um Pmax

feasible

Fig. 1: Schematic Illustration of Per-Cell Optimization Algorithm [13]

Let there be K users per cell in multicell network. The beamforming is performed on per cell basis. The
beamforming weight vectors u; are collected in a matrix U = [u;__ uk]. The downlink transmission power vectors p;
are stack in a vector p = [p; px 1" and the total transmission power per cell is given by Il p ll;. The uplink transmit
,,,,,,,,,, qx ]T. The total transmission power per cell of both uplink and
downlink is limited by P, i.e. maximum allotted transmission power per cell for considered cellular network.

The downlink spatial covariance matrices are given by,

..........

R = E(hyh) 1<i< K (12)
The TDD system has reciprocity between uplink and downlink channels, i.e. both channels are described by the same
covariance matrices as in (12).
Due to spatial non-orthogonal transmission, users are generally coupled by cross-talk. The coupling is characterized
by a nonnegative matrix ¥ which is a function of beamforming weight vector U.

[Py = uff Rjue k= i (13)

=0 k=i

The uplink and downlink SINRs, are given by the following two expressions, respectively

H

qiu; Rjyy )
SINRYL (u;,q) = , Vi (14)

b uf' (Tio 1 qiRy + 07Dy
ki
H

Ui Ryu;

SINRP' (U,p) = b vi  (15)
Yk=1PrUi Rj uy + of
k#i
SINRPL(U,p)

Let CPY(U,P,.y) = 1<i<K (16)

i
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P = 1 p Il

. Y1 YK
dD =d s e e | —— 17
" e {<ul1{R1 u1) (UERK UK>} (17)

An extended power vector is Pex = [P 1]T and an extended coupling matrix is given as [13],

D¥(U) Do

X(Ur Pmax) = 1TDG (18)

1
5 1"D¥(U)

max max

It can be proved that the CDL(U, P.ax) 1s inversely proportional to maximum eigenvalue of the extended coupling
matrix y [13].

CPL(U,Pmax) = _ (19)
Amax (X(U, Pmax))

The optimal power vector p is the first K components of the dominant eigenvector of x(U, P ), which can be scaled
so that its last component equals one.

For uplink with the same total power limit P, the same targets, and the same fixed beamforming matrix, the
equations are obtained as,

CYL(U,Pmax) = _ (20)
Amax (A(U, Prax))

where A is the extended uplink coupling matrix define as

DYT(U) Do

AU, P = |1 1 21
(U, Pmax) —1D¥T(U) ——1"Do e

max max

The optimal power vector q is the first K components of the dominant eigenvector of A(U, P,,), which can be
scaled so that its last component equals one.

Thus it can be observed that, C(U, P,,,;) increases with decrease in dominant eigenvalue of coupling matrix.
1) Uplink—Downlink Duality: It can be proved that, both uplink and downlink has the same SINR achievable regions.
Also, minimum transmit power needed to achieve a set of SINR constraints in a downlink channel is the same as the
minimum total transmit power needed to achieve the same set of SINR targets in an uplink channel [11], [13]. This is
known as uplink-downlink duality. A beneficial consequence of this duality is that, all SINR-based beamforming
concepts designed for uplink reception immediately carry over to downlink transmission. Thus, the solution of the
downlink beamforming problem is equivalently obtained by solving an easier-to-handle uplink problem.

Thus uplink—downlink duality gives,

CPH(U, Prryy) = C7H(U, Prrgy), (22)

In uplink, maximization of SINR is achieved by MMSE beamforming with weight vector given as,
uj Ry
uj'Q;i (qext)u
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where

K
Qi(qext) = Z[qext]kRk +1 (24)
k=1

k=i

The matrices Q; are nonsingular and symmetric, thus (23) is solved by the dominant generalized eigenvectors of the
matrix pairs (R;, Qi(qex), 1 £1<K.

2) Algorithm for Per Cell Basis Optimization:
a) Initialize: n=0, q =0, C =0, p_sum = max power allotted/cell for considered network.
b) P_max =p_sum
¢) Ri=R/c’ 1<i<K.
d o’=1,1<i<K.
e) u;=Dominant generalized eigenvectors (R;, Qi(q) ),

1<i<K.
f) uizuilllui ”2, 1<i<K.
g) ifC<1 then (1* stage)
Calculate dominant eigenvalue and associated eigenvector of uplink extended coupling matrix A(U, P 40).
C=1/Amax
else (2™ stage)
q=(I-D¥"(U))'DI
Pam=1lqll
end

h) Calculate intercell interferences and are added to noise vector.
i)  Repeat (c)-(h) until all relative SINR are balanced.
j)  Repeat steps (b)-(i) until p_sum (n-1) - p_sum(n) < €
k) Downlink power allocation
p” = (I-D¥ (U))'DI

The feasibility of SINR requirements is always checked by 1* stage of algorithm. If the problem is feasible then C >
1 and if it is infeasible, then C < 1 after convergence, so algorithm is terminated in controlled manner.
C. Coordinated Multicell Beamforming

For coordinated multicell beamforming UL-DL duality is proved by using Lagrange dual theory of convex
optimization.

The SINR target constraints in (11) are nonconvex i.e. the problem has local optimal point which is not necessarily
global optima. Such nonconvex problem is converted into convex by using Lagrangian technique [14], [17].
1) Uplink-Downlink Duality by Lagrangian Dual for Multicell Coordinated Beamforming: By using Lagrangian
duality concept it can be proved that optimal solution for dual of DL problem is same as that of UL problem when
constraints are satisfied with equality [17]. Due to such strong duality [16], the optimal transmit beamforming problem
in (11) for the downlink multiuser multi-cellular network can be solved via a dual uplink channel in which the SINR
constraints remain the same and the noise power is scaled by ;. Mathematically, a Lagrangian dual of the downlink
optimization problem given by (11) is the following uplink problem [17]:

K
minimize Z A j0°
i=1
subjectto {;; > v, Vi=1..Nj=1..K (25)

where the minimization is over 2;;, and
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1]|W"hiij

(26)

__ max
Ci,j T W

Y XDz, 7»m,1|Wi,jhi,m,1| +a || Wy
The optimal W;;has the interpretation of being the receiver beamformer of the dual uplink channel, and is a scaled
version of the optimal DL weight vector w;;. The optimal A;; has the interpretation of being the dual uplink power and

1t corresponds to the dual variable associated with the SINR constraint of (11). {;; denote the uplink SINR for j' j™ user in
i cell.

2) Weight Vector Calculation: The optimal receive beamformers Wj; in (25) that maximize the SINR are the
minimum-mean-squared-error (MMSE) receivers, which can be expressed as

N -1
Wij = (Zmg Am10%hy i) + 02ol) Thyg; (27)
The weight vector w;; and W are scaled versions of each other given by,
wij = [8iWij (28)
where § = Fl16° 29)
1 is the NK x1 all ones-vector and F is the following NK xNK matrix:
F11 FlZ FlN
21122...52N
F= F F F; (30)
FNl FNZ FNN

where the (j,n) th entry of each KxK sub—matrix F™ is defined as follows,

( 2, . .
|W--hii]- ifm=iandn =j,
ij
X ~H 2, . .
F]_lrrln _ —Z|wi‘nhi_i‘j| ifm=iandn #j, (31)
n#]
- Z wmnhm1]| ifm # i
m#i,n

3) Algorithm for Coordinated Multicell Beamforming [17]: Coordinated downlink beamforming problem is solved by
distributive implemented iterative function evaluation algorithm, which is given as follows,

a) Optimal uplink power A;; is calculated using iterative function evaluation which is given by,

1
hij = (32)

1)

where X; is the covariance matrix of the received signal in the uplink direction at the base-station i which includes
the intended signal, the interference, and a scaled version of the background noise which is given by,

Zi = (in + Zm,n Am,nl‘li,m,nhilm.n (33)
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b) Repeat (a) until it converges to optimal uplink power. This uplink per-cell iteration process always converges to
unique fixed point.

c¢) Calculate the optimal uplink receive beamformers “w; ; using (27) for optimal uplink power A;;

d) Calculate optimal downlink transmit beamformers using (28).

In a TDD system, the covariance matrix is estimated locally at each base station in the uplink direction. Channel
reciprocity implies that the signal and interference covariance matrices at the uplink receiver are same as that of
downlink. Thus, the iterative updates of A;; and the estimation of X; performed on a per-cell basis, i.e. the iterative
function evaluation process can be done locally without the need of explicit inter-base-station coordination. The base-
station coordination is achieved implicitly via uplink power control i.e. the update of A;;’s, which affect all other Z;’s.
Thus, this method needs only the beamforming level coordination and can be implemented in distributive manner. It
requires much less overhead and is more practical to implement.

IV. SIMULATIONS

This section presents, performance analysis of null steering beamforming, MVDR beamforming and MMSE
beamforming. Also compares performance of per cell basis optimization algorithm and coordinated multicell
optimization algorithm for mobile wimax network.

A. Performance Analysis of Beamforming Algorithms
This paper considers uniform circular array (UCA) with 8-element and radius of array is 0.5 x wavelength. The 5
incoming signal sources are considered for simulation with 10 dB SNR for all incoming sources.
Azimuth angle of incoming signals = {0°, 50°, 100°, 150°, 200°}.
1) Null Steering Beamforming
a) MVDR DOA Estimation: MVDR DOA estimates all incoming signals. Fig. 2 (a) and (b) shows the polar plot and
power spectrum of MVDR DOA algorithm, respectively.

WYDR Spectrum

Signal Power in dB

50 me el 200 A0 300 |0 40
270 Angle in Degrees

(@) (b)
Fig. 2: (a) Polar Plot (b) Power Spectrum of MVDR DOA Estimation

b) Null Steering Beamforming for Single Desired User: Let direction of desired source is ¢ = 200° and direction of
interferences are (0°, 50°, 100°, 150°).

Weights are calculated using (4) to produce a beam in the direction of desired user (200°) and null in the direction

of interferences (0°, 50°, 100°, 150°). Fig. 3 (a) and (b) shows the polar plot and power spectrum of null steering
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beamforming respectively. It can be observed that output SNR is 26.46 dB, thus approximately gain of 16 dBi is
achieved in direction of desired user.

¢) Multi-Beamforming: Two desired sources in directions ¢; = 150° and ¢, = 200° are considered. Validation process
trigger multi-beamforming algorithm. Weights are calculated to produce a beam in the direction of desired users (¢,

= 150° and @, = 200°) and null in the direction of interferences (0°, 50°, 100°).
Fig. 4 (a) and (b) shows the polar plot and power spectrum of multi-beamforming respectively. It can be

observed that output SNR of 26.5 dB is achieved for both desired users with null depth of approximately -30 dB for
interferences.

Null Steering Beamforming

30 T

Polar plot for Mull Steeting Beamforming
90

500

Power in dB

: 50 100 150 200 250 300 350 400
270 Angle in Degrees
1y (b)

Fig. 3: (a) Polar Plot (b) Power Spectrum of Null Steering Beamforming

Palar Flat for Multi-Beamforming Multi- Beamforrming
90

600

Power in dB

50 100 150 200 250 300 350 400
Angle in Degrees

(a) (b)
Fig. 4: (a) Polar plot (b) Power Spectrum of Multi-Beamforming
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2) MVDR Algorithm: A desired source is in direction ¢ = 200°. Weights are calculated using (5) to produce a unity
response in the direction of desired user (¢ =200°) and null in the direction of interferences (0°, 50°, 100°, 150°).
Fig. 5 (a) and (b) shows the polar plot and power spectrum of MVDR beamforming respectively.

Thus, MVDR beamforming produces unity gain response in the direction of desired user and minimizes the total
noise power.

3) MMSE Algorithm: For this simulation multipath environment is considered. Due to multipath fading a desired
source is arriving from direct path ¢ = 0° with SNR = 10 dB and from reflected path ¢ = 100° with SNR =9 dB.
Weights are calculated using (7) to produce a beam in the direction of direct and reflected path (¢ = 0° and ¢ = 100°
respectively) and null in the direction of interferences (50°, 150°, 200°). Fig. 6 (a) and (b) shows the polar plot and
power spectrum of MMSE beamforming respectively.

It can be observed that MMSE beamforming captures both the direct as well as reflected signal.

MYDR Bearnfarming

Palar plot for MYDOR Bearmforming

Power in dB

0 a0 100 150 200 250 300 350 400
Angle in Degrees
(a) (b)

Fig. 5: (a) Polar plot (b) Power Spectrum of MVDR Beamforming

Polar plot for MMSE Beamnforming 10 : : TMSE Be:enmformm? : :
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m
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Fig. 6: (a) Polar plot (b) Power Spectrum of MMSE Beamforming
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Simulation results of all three beamforming algorithms are tabulated in table 1.

TABLE I
PERFORMANCE ANALYSIS OF BEAMFORMING ALGORITHMS
Beamforming I/p SNR O/p SNR Gain Null Depth Comments
Algorithm (dB) (dB) (dBi) (dB)
This open loop method is able to cancel a
Null Steering strong jammer in a mobile communications
(Both modes 10 26.46 16 -30 system. But it requires knowledge of
of operation) directions of both desired and interfering
signals.
This open loop method cancels out correlated
MVDR 10 10 0 -35 arrivals. It is not suitable for multipath
environment.
1_0 o Less than This closed loop method is suitable for
(=0 multipath correlated arrival. Its gain in the
direct path) 0 dBi in R .
MMSE 9.9565 .50 look direction is not unity, but the MMSE
9 desired beamformer provides a stronger noise
o S rejection than the MVDR and null steering
(p=100 direction beamformer
reflected path) '

B. Performance Comparison of Per Cell Basis Beamforming and Coordinated Multicell Beamforming

Fig. 7 shows two cell network for downlink beamforming power optimization problem.

Fig. 7: Two Cell Network Model

The mobile wimax network parameters are considered for simulation. The distance between two BSs is 2.8 km. BS
transmission power/cell is 43 dBm. Thus, total available power in 2 cell network is 46.02 dBm. Each BS has 12
antennas with gain of 15 dBi and single antenna is at MS. The channel model considered is ITU vehicular test
environment model with log-normal shadowing and Rayleigh fading. The weighting factors corresponding to the base-
station antenna power constraints are set to be a; = 1. d is the distance of the user from its own base station on the
straight line connecting the two base-stations. Two users per cell are considered. One user is at distance d from its BS
and the other user is located randomly elsewhere in the cell. The per cell basis algorithm and coordinated multicell
algorithm both are implemented for considered network model.

Fig. 8 shows, total transmitted power in network versus target SINR for both per cell basis optimization and
coordinated beamforming. It is observed that coordinated beamforming achieves higher SINR target which are not
feasible by per cell basis optimization. For considered 2-cell network senario with power threshold of 46.02 dBm, per
cell basis optimization achieves SINR upto 21 dB for distance d of 0.4 km, 9 dB for 0.8 km and 1 dB for 1.2 km. Thus
it is proved that the coordinated beamforming system significantly outperforms the conventional per cell basis
optimized system, especially at the high SINR target range.

Also coordination between BSs helps to serve cell edge users efficiently by scheduling them alternately. Thus, two
BSs coordinate such that at a time only one of the edge users is served and other is turned off. This reduces co-channel
interference, thus both users are served successfully with optimum transmission power.
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For considered 2-cell network, as d increases beyond 1.2 km, high SINR becomes infeasible. For d = 1.3 km and
target SINR = 25 dB, total transmission power required = 46.7720 dBm, which is infeasible as maximum available
power in considered network is 46.02 dBm. Thus, users beyond 1.2 km are consider as cell edge users and scheduling
of such users is done alternately by joint coordination between two BSs. Scheduling of edge users is done such that,
during first time slot user 1 (cell edge user) of BS 1 is active while user 3 (cell edge user) of BS 2 is off and for next
slot user 3 is active and user 1 is turned off. Thus, both users are served alternately to achieve high SINR values. Table

II shows total transmitted power required for cell edge users to achieve SINR of 25 dB.

a0

Coordinated Bearmforming

Fije

04

Total Transrnitted Power in dBm

_________________

—&— Coordinated Beamforming for d=0.4km

—&— Coordinated Beamforming for d=0.8km

—S— Coordinated Beamforming for d=1.2km

-~k Per-cell optimization for =0.4km

-8~ Per-cell aptimization for d=0.8km

-k~ Per-cell aptimization for d=1.2km
Power threshald level

10 18
Target SINR in dB

N

Fig. 8: Total Transmitted Power v/s Target SINR for Per-Cell Optimization and Coordinated Beamforming for 2 Cell
Network with 2 Users per Cell.

Total transmission power for cell edge users to achieve SINR of 25 dB

Table II

Total Transmitted Power (dBm)
Distance | Target SINR
d (km) (dB) User 1 active User 3 active
User 3 turned off | User 1 turned off
1.3 25 41.4661 45.0447
14 25 41.6976 45.7736

From table II it can be observed that, by serving cell edge users alternately total transmitted power required to
achieve high SINR value (25 dB) is less than maximum available power in considered network (46.02 dBm). Thus, due
to coordination between BSs, high SINR is feasible for cell edge users, which is not possible for per cell basis
optimization as beamforming is done independently at each BS, considering out of cell users signals as a part of

background noise.

2 cell network scenario is further extended to 7 cell network as shown in fig. 9.
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Fig. 9: 7 Cell Wireless Network

The per cell basis optimization and coodinated multicell beamforming has been implemented for 7 cell network with
2 randomly located users/cell. Thus, there are total 14 co-channel users in network. The total available power for 7 cell
network is 51.46 dBm (43 dBm/cell) is the threshold level of maximum transmission power of network. Simulation has
been carried for this network and results are compared in fig. 10.

Coordinated Beamforming
a0 T T

-
=]

=
=]
Bt

Total Transmitted Power in dBm
w B
=] =]

i)
3

il foes
—8— Coordinated Beamforming
10 : ; : ---&-- Per-cell optimization 4
: : : — - — Pawer threshald level
0 i i i i
1] 5 10 15 il 25

Target SINR in dB

Fig. 10: Total Transmitted Power v/s Target SINR for Per-Cell Optimization and Coordinated Beamforming for 7 Cell
Network with 2 Users per Cell.

From fig. 10, it can be observed that SINR upto 18 dB is feasible for per cell basis optimization while total
transmission power required using coordinated beamforming to achieve SINR value upto 25 dB, is still below the
threshold level of 51.46 dBm.

Fig. 11 shows simulation results of both algoritms for 7 cell network with 3 users per cell.
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Fig. 11: Total Transmitted Power v/s Target SINR for Per-Cell Optimization and Coordinated Beamforming for 7 Cell
Network with 3 Users per Cell.

From fig. 11, it can be observed that SINR upto 14 dB is feasible for per cell basis optimization and upto 21 dB is
feasible for coordinated beamforming.

Thus, performance gain of coordinated beamforming is high for 2 users/cell (14 users in 7 cell network) than 3
users/cell (21 users in 7 cell network). This is because BSs are equipped with 12 antennas. Thus, for total 12 users in
network coordinated beamforming has the capability of zero forcing out of cell users, thereby completely eliminating
the out of cell intereference while out of cell intereference is always present for conventional per cell basis optimized
network. For total 14 users in network, coordinated beamforming still shows high performance gain. With total 21
users in network, complete zero forcing is not possible, still coordination shows better performance than per cell
optimization.

Thus, it is proved that coordinated multicell beamforming shows higher performance gain over per cell basis
optimization and gives significant power saving and cochannel intereference reduction which are most important
aspects of mobile wireless cellular networks.

V. CONCLUSION

This paper presents Beamforming-array signal processing which has gained importance in wireless mobile
communication network due to its ability to reduced co-channel interferences. Emerging broadband wireless systems,
such as mobile wimax or 3GPP LTE-A, will re-use spectrum in every cell (reuse factor = 1) to maximize system
spectrum efficiency. Such high reuse factor is possible due to mitigation of co-channel interferences which is possible
due to beamforming technology. Also, increased SINR helps to achieve a broadband data rate which is the requirement
of next generation wireless mobile communication systems. High directional beams increases range of coverage
thereby reducing the number of base station required which provide cost efficient deployment.

This paper analyzes the performance of three beamforming algorithms namely null steering, minimum variance
distortionless response (MVDR) and minimum mean square error (MMSE) beamforming algorithm. It is observed that
out of three methods MMSE beamforming is most suitable for practical application like non-line of sight urban
environment as it supports multipath arrivals.

The paper also implements the downlink/transmit beamforming problem which is of great interest currently. The
downlink beamformers are optimized to minimize downlink transmitted power subject to fixed SINR constraint of each
user. Complicated downlink/transmit optimization is solved by uplink/receive problem which is easier to handle by
using uplink—downlink duality approach. The two power optimization algorithms namely per cell basis optimization
and coordinated multicell beamforming are implemented and compared. In coordinated multicell beamforming
Lagrangian dual of convex optimization theory is used to prove UL-DL duality.

It can be observed that the coordinated beamforming system significantly outperforms the conventional per cell basis
optimized system, especially at the high SINR target range. As expected, maximum benefit is obtained when the users
are close to the cell edge. With increasing users in network, per cell optimization problem becomes infeasible for
relatively low SINR values as compared to coordinated beamforming. Also, with coordinated beamforming, due to
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coordination between BSs, high SINR is achieved for the cell edge users which are served alternately by their
respective BSs. Such coordination is not possible for per cell basis optimization.

Thus coordinated beamforming is more efficient than per cell optimization and also requires only beamforming level
coordination between base stations. Thus, it can be implemented in a distributed fashion for TDD system. No system
level coordination is required there by reducing feedback overhead and joint processing, still gives improved
performance over per cell basis conventional beamforming. Thus, multicell downlink power minimization problem is
solved efficiently by coordinated multicell beamforming.

This work can be extended to centralized coordinated beamforming in which all BSs acts as a single BS and
centralized beamforming and scheduling is performed which is more complex to achieve. Performance of centralized
coordinated beamforming can further be compared with distributed coordinated beamforming for future work.
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