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Subcarrier-Wise Beamforming for Multiuser

MIMO-OFDM Interference Channels
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Abstract—We address the problem of interference over all the
channels in multiuser MIMO-OFDM systems. This paper contributes
three beamforming strategies designed for multiuser multiple-input
and multiple-output by way of orthogonal frequency division
multiplexing, in which the transmit and receive beamformers are
acquired repetitious by secure-form stages. In the principal case, the
transmit (TX) beamformers remain fixed then the receive (RX)
beamformers are computed. This eradicates one interference span for
every user by means of extruding the transmit beamformers into a
null space of relevant channels. Formerly, by gratifying the
orthogonality condition to exclude the residual interferences in RX
beamformer for every user is done by maximizing the signal-to-noise
ratio (SNR). The second case comprises mutually optimizing the TX
and RX beamformers from controlled SNR maximization. The
outcomes of first case is used here. The third case also includes
combined optimization of TX-RX beamformers; however, uses the
both controlled SNR and signal-to-interference-plus-noise ratio
maximization (SINR). By the standardized channel model for IEEE
802.11n, the proposed simulation experiments offer rapid
beamforming and enhanced error performance.

Keywords—Beamforming, interference channels, MIMO-

OFDM, multi-objective optimization.

I. INTRODUCTION

IFFICULTIES for broadband wireless contact skills such

as mobile internet, multi-broadcasting amenities given by
communication schemes are promptly mounting during the
most recent years. MIMO structures [18] guarantee a diversity
benefit relational to the product of the amount of transmit and
receive antennas. Multiple input multiple output orthogonal
frequency division multiplexing (MIMO-OFDM) [20] shows
the simple equalization of OFDM modulation with the
capacity, diversity and array gain [2]-[4]. In the existence of
interference from all users’ transmitters [23], each multi-
component transmitter attempts to direct its information to
only one multi-component receiver [1] and it is altered from
the multiuser uplink and downlink beamforming [5], [6]. By
manipulating uplink and downlink SINR duality, unique
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optimization complications can be decayed into modest
optimization glitches [7]. Interference alignment (IA) is
recycled to realize supreme degrees of freedom in the
interference network [12]. The difficulties of pre-filtering and
post-filtering in multiuser MIMO communication [24] by
means of SDMA is labelled in [6]. It practices Combined
Transmit-Receive maximization centred on null space
compulsion. It cannot be functional for supreme sophisticated
interference passages. The outline is established precisely for
spatial multiplexing and realistic to multiuser MIMO-OFDM
classifications with asynchronism among users in addition to
distinct user MIMO-OFDM schemes is illuminated in [9]. The
extended work discusses the intervention dominance routines
the IA in [8] but multi-stream data communication for every
user is not used here. The method used in [8] customs
subjective sum rate maximization method. To overwhelm the
power competent multiuser beamforming, [8] uses uplink and
downlink beamforming explained in [11]. Symbol-wise
beamforming is used to diminish the intricacy by carrying out
beamforming in time domain as designated in [13]. It is clear
that there are numerous diverse methodologies to the
beamforming complications. This paper presents different
beamforming approaches to advance the performance in
wireless communication systems. This paper grants three
beamforming design cases. First, a controlled SNR
maximization is pursued in which the TX-BF for all users are
developed by arraying the null-space of a suitable channel
matrix (mentioned further down). This null-space consignment
for TX-BFs discards one span of interference at every
receiver. The residual interference terms at each receiver can
be excluded by means of orthogonal vectors. In this event, it
has secure-form solutions for each RX beamformer. The
second case is collective TX and RX beamformer strategy for
controlled SNR maximization. Here, RX-BF at every terminal
cancels all the interference. The third case is collective
controlled SNR and SINR maximization. For these three
designs, the measure of construction derived the least number
of antennas requisite for the systems. The proposed models are
computationally modest than [8], [10], [12] and [21]. The
contributions of this paper comprise of: 1) Secure form
solutions for various cases of the combined beamformers
strategies in the N-user MIMO interference channel [16]; 2)
The inception for least number of antennas requisite for these
solutions; 3) Simulated performance results by means of
typical multipath channel representation screens the
performance of the systems in further genuine conditions than
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formerly mentioned; 4) A new formulation for the standard
least-square (LS) solution and simulation outcomes for all
accessible beamformer design [19] cases.

The mathematical notation is as follows: Column matrices
and vectors are represented by boldface upper and lower case
letters one-to-one. Superscripts H and T provide the complex
conjugate transpose and transpose, separately, and a*signifies
the value of a, and does not symbolize the complex conjugate
of a. The null space of matrix M is denoted by X(M). x,,,(M)
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is the standardised eigenvector of matrix M that resembles to
the maximum eigenvalue of M. x and y are orthogonal if
x™y = 0. Iyis the PxP identity matrix. M(:,i) is the ith column
of matrix of M in MATLAB notation, i.e., M(:,i) =[M];. For
M eC™", m=size (M,1) and n=size (M,2) . The Euclidean
standard of a vector y is ||y||. Lastly, y € C™\0 means that
vector y is a non-zero vector through complex entries.
Expected value is denoted by E{.}
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Fig. 1 Simple structure of MIMO-OFDM based on Beamforming

I1. SYSTEM OVERVIEW, GLITCHES FORMULATIONS AND THEIR
SOLUTIONS

Let us consider the N-user interference channel with K,
transmit antennas at transmitter t and K, receive antennas at
receiver r. Every user directs the stream of information by
means of OFDM through R subcarriers. This is identified as
MIMO-OFDM, which is an extensively arrayed
communication technique in commercial wireless standardized
channels such as IEEE 802.11n [22]. The transmission
condition as it conveys to the model is described as follows.
There are N pairs of multi-projection terminals which remain
attempting to share instantaneously the spectrum in time and
space. The standardized channel is demonstrated as 1) a
selected delay line (L+1) taps conferring to the IEEE 802.11n
model or else 2) a particular-tap flat fading channel using
flawless spatial correlation matrix. In this paper, the first
model explains both the MIMO-OFDM formation. The second
model is used merely to contrast the performance of surviving
approaches [22] with our three proposed strategies. The
standardized model of IEEE 802.11n adopts the following
properties [14]: i) The power azimuth spectrum (PAS) in
addition the power delay profile (PDS) exist dissociable. ii)
The spatial correlation and temporal correlation are exhibited
independently. iii) Every tap is shown via the Kronecker
model.

Here, we erect for optimizing the equivalent system
capacities, and then compute related digital performance after

optimization. The minutiae of the system given as follows.
The system consists of N users having K, transmit antennas
and K, receive antennas and all users exploit R subcarriers.
The calculation in this division adopts N > 3; the case for
N = 2 is distinct and it is shown below.

From Fig. 1, the TX beamformer for ith user at rth
subcarrier is inscribed as P;(r) € CX*1, and likewise the RX
beamformer for ith user at rth subcarrier is given as Q;(r) €
Ck¥*1 fori € {1,2,....N} thenr € {0,1,2,....R — 1}.,5; is the
input symbol stream of i. the symbol stream is given by §; £
0[s;(0),....5;(R — 1) ]" then the output of TX beamformer is
given as P;(r)5,(r) from which ||P;(r)|| =1 and §,(r) rth
vector of §;.to make the computation simple, assume © =
Trxgr- So, in this special case §;(r) = s;(r). The frequency
selective channel from the pth transmit antenna of the ith
transmitting user and Vth receive antenna of uth receiving user
is given by f:,if(l) where v € {1,2,...K,}, u € {1,2,... K}, and
re€{1,2,...N}. By assuming faultless OFDM timing
synchronization, then after the exclusion of cyclic prefix L,
and after the Fast Fourier Transform, the received signal
vector is given as,

N
1
di(r) = F;("P,(r)s;(r) + Z Fi i (MPy()sy(r) +ny(r) M

i'#i
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From (1), the system at r subcarrier is F,;(r)eCXt*Kr. The
entry of (v,u) is derived as [Fu‘i(r)] v s Fv’zi(r), so that
Fi'(r) 3= Bteo fugit (De™/2mr/% ©)

From the kronecker model, the tap channel matrix is
denoted as F}"' = (U¥)!/? H,(Uf)T/Z where, (1) = [F}"'],,
and H, € CXr~t is the complex matrix with zero mean and
unit variance entries. The U} and U; are the receive and
transmit spatial correlation matrix and the value is specified
as,

u 1 for v=u
[Ul ]v,u =7, ul

it for v+u

The probability density function g'(¢) for IEEE 802.11n is
modelled as laplacian distribution and specified as,

l 1< L _VZlo-al 3)
g @)=~ o’ b
c=1
where, A is normalization factor ( f_nn g ($)dp = 1), C, denotes
the number of clusters, n% is the average path gain for cluster
¢, B} indicates the angular spread for cluster, and 2% signifies
path angle-of-arrival (AoA) from cluster. For both the channel
models, the foremost emphasis is the beamformer design.
Thus by applying the RX-BF to all subcarriers of all users,
then it is streamlined as follows by dropping index r:

N “4)
0l'd; = QI'F;;Pss; + z O F,y Pusyy + 0]y

i’#i

To have good detection performance, designing of P; and
Q; is important for all users in MIMO interference channels.
Earlier work [15] exposed the resulting optimization:

N
111;113)](21 log, (1 + SINR;)
iz

The above equation does not have secure form solution.

Hoi=1  i=1,..... N (5
T PFP =1 i=1....N
i i [AERRRN

in which it does not have secure-form solution for P; and Q;

where, SINR; =5,/ (S |T|" +K.).  Si = OF'F PPHFIQ,,

T, = QJ'F;;P; and K; = 63,0{'0; (¢ = 1). Hence, in our paper
the optimization problem is provided as:
rag))i( SNR; = S;/K;

st T;=0 J#EI 6)

which has the secure-form solutions for P; and Q; .To deal
with the problem in (6), initially we assume that one

interference span is excluded before applying the RX
beamformer. So, problem in (6) is condensed to a problem
with Q; being the only choice variable. But by designing the
P; and Q; jointly demonstrates the secure-form solution for
controlled SNR maximization. As a result, resolving
controlled SNR maximization is more accessible than solving

(5).

III. PROPOSED BEAMFORMING DESIGNS

A. Ideal Rx-Bfs for Controlled SNR Maximization While Tx-
Bfs Are Known

In this case, the TX beamformers are originate from the null
space of applicable set of channels, besides then the optimal
RX beamformers are pursued. For N € {2(n+ 1):n € N},
where N denotes the positive integers and the TX beamformer
P; is attained by,

Py = R(Fyy1-i) @)

where,
R(A) = {y|Ay = 0,|lyll = 1} ®)

is an orthonormal basis for the null space of A.

From (7), it is clear that, F; yPy = 0. The following step is
to determine Q;, such that it exploits SNR of ith user though
overwhelming the N-2 residual interference terms. To make
the computation simple, it is taken that Ef|s;|?} = o2 and
E{n;n¥'} = 62T. Thus, the optimization problem is represented
by p for one receiver and the residual receivers can be
acquired by similar procedures. The optimization problem is
stated as,

P PHF
I Qz'[FLlllH—l'lQl
9,€Ckr\0 979
Q71{F1,2P2 =0

st Q{{F1,3?)3 =0 (9)

Qg{Fl,N—lsz—l =0

p is considered as the controlled SNR maximization done in
both TX and RX beamformers. The tricky with the eigen
solution arises through maximizing the relation of quadratic
forms. On the other hand, the dissimilarity occurs in this case
is p has constraints. So, it yields different solution. These
constraints compel the interference for first user to be
removed. To resolve p, Lagrangian function is required:

H

B _
yy;{yy - IR &y (10)

L(y' & =-

wherey = 0;, B = F, P, PHF{! and b; = F;;,,Pyyy.
The optimization problem p not only has global maximum
but also has local maxima. The local maximum of p is denoted

lem

as y' ™ if
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{ By m =0 11
biH ylcm =0

The solution to y'®™ might be zero; however, the attention
is in solutions where y'°™ is non-zero that is y*°™ = 0. It is
reminded that B € Ck~Xr and y'™ € CXr*1, The number of
unidentified parameters obtained by (11) for Y™ = 0 define
the least number of antennas essential for optimization p.

For controlled SNR maximization, the least number of
transmit and receive antennas are denoted as min (K,) = N
and min (K;) = N + 1,respectively. Therefore, the optimum
RX-BF is in secure-form stages for controlled SNR
maximization problem.

B.Combined Tx-Bf and Rx-Bf for Controlled SNR
Maximization

In earlier case, the optimal secure-form RX-Bfs were
obtained by (18), according to users in TX beamformers. In
this case, the combined TX-BF and RX-BF are considered
using controlled SNR maximization by using the elongated
successive optimization (ESO), (see appendix) for multi-
objective optimization.

The value of H; and H, for the channel C,, is specified as,

Hy 2 i [R(C)L RG] P
Hy 2 Fun RGO [R(C)I Frn
and this is given for N users in MIMO-OFDM system model.

The ESO algorithm organized for combined P; and Q; design
for controlled SNR maximization.

TABLEI
ESO ALGORITHM FOR COMBINED SNR MAXIMIZATION FOR TX-BF AND RX-
BF
I setM>1; P fori=1,..N
2 Fork=0:M-1 do
3 ComputeC, 2 [(F, PN 5 (F, PE) w5 € N\(n}
4 :PTEIH-D = xmax(Hl + HZ)
5

_ M 3 e
Qn - 1y + 1y [N(Cn)]l + ™ + 1y € LP[N(Cn)]Z

6: Compute H; and H, for C,,

¥ ¥
=P RPN, = M RPN
8: End for

The combined controlled SNR maximization problem for
first user is given by,

H HEH
: max F,, P,P{'F 12
?1e<cKt,QlecKrgl 11 PP F O (12)

The above problem has secure-form solution if K, = N + 1.
The problem of finding optimal TX-BF for first user is stated
as:

minJ; = —PH(H, + H)P,
1

st 1Pl =1 (13)

where the channel matrix is given as, C;=2

[(FLZ?Z)”; ..... ;(FLNPN)”] and the value of @ is given by ¢ 2

2[R(C)IE Fn,nP,fK)P,fK)HFnH_n[N(Cn)]Z when calculating Q,, and
the global solution of (13) is,

Py = Xmax(Hy + Hy) = (P, ..., Py) (14)

The ESO algorithm is used to obtain the RX-BFs as secure-
form solutions.

C.Combined TX-BF and RX-BF Design for SNR and SINR
Maximization

In this case, the multi-objective optimization [17] for fixed
method is used. In the previous case, it provides the
optimization problem H but here instead of H, it describes
the problem #; to perform optimization w.r.t P; and Q;

My max PIFI0.01 FiL Py (15)
PECKE ! ’

Equation (15) provides tricky maximization w.r.t to P,

only. The global minimizer is given as,

Py =y[RD)]; + S[RD)], (16)

From (16) D 2 [(F},0,)%,....; (FF,00)%] with |y| =x;
and |6| = x,, then x; and x, are the solutions of following:

max x? Py + x2P, + 2x,%,P,
X1,X2
stxf+x3<1 a7

The optimal solution for (17) is given as, [2] =
Xmax [il ;3 such that, 7315[N(D)]{[Ff1Q1Q{{F1,1[N(D)]1=
3 4

P, 2 [N(D)]%{Ff1Q1QZ{F1,1[N(D)]z and Pz 2
[[R(D)IF FI50,0¥F, 1 [R(D)],| are considered as real. The
proposed methods are not LS beamforming and thus TX
beamformer design with LS beamforming can be obtained by
evolutionary algorithms.

From SNR maximization, @, is attained from problem H;
since P; is fixed. By using SINR maximization (problem ),
0, from each user can be achieved by knowing P;.

TABLEII
ESO ALGORITHM FOR COMBINED SNR AND SINR MAXIMIZATION

I setM>1;09 fori=1,.. N

2: Fork=0: M do

3 Compute PP = xl[R(ng))]1 + xze'fG[N(DEk))]2

4 £ [(FIQ(,....; (Fi0(™)”]

> ga A[N(DE"))]Z[FZEQE")DE")HFH[N(DE"))]Z

6: QU =y ((ZL Fivﬂ;ﬁk)pj(k)”l;% i Z_:ET) ' Fi,i])i(k)?i(k)HF?,{i>
7: End for

8: Stop when criterion met and Return QL.(MH) and .‘PEM)

0¥k, P PYEY 0
j_[z . ma% 1 V1,111 1; lg2 (18)
Q,€CkT Q{f(z” Fivijj?j}[Fi}j+—"T)Ql

j#1 UE
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The unique global solution of problem H, w.r.t Q,,

N a2 \ (19)
Ql = Xmax <<Z i1 FLJJJJ‘7J]HF?:5 + _2T> Fl,l‘rplgal}[F{,[1>
J s

g,

All the beamformer designs offered here are secure-forms.
This is significant for implementation.

IV. SIMULATION RESULTS

In this section, the examination study for MIMO-OFDM
[25] based on statistical results are discussed here. For
efficient communication, all the users practice QPSK
modulation in the valuation of BER performance. The digital
communications performance is a complicated feature of link
optimization and using single modulation cannot produce high
efficiency over a range of average SNRs. However,
optimizing with the analogue objective functions, and
smearing a fixed communications outline sanctions fair
performance in contrast among different optimized
beamformers.

It can be revealed that the ESO over N games can be
practical to sum-rate maximization. The final outcome is
represented as:

N L\ (20)
0,
:Pisum = Xmax FZ,{ g Fi,j ‘Esum(?jsum)}[l:% + 0_7; T Fi,i
— s
J#i

The above mentioned problem has been solved by gradient
based approach in [8]. Thus, the outcomes of gradient based
approach and proposed Elongated Successive Optimization.
However, the proposed algorithm shows lower bit error
performance. The results are stimulated based on QPSK
modulation in OFDM channel. From Fig. 2, the BER
performance of three proposed beamforming designs are
plotted. The combined multi-objective TX-BF and RX-BF
approach (case 3) has improved performance than the
combined single-objective TX-BF and RX-BF approach (case
2) and lastly the individual approach (case 1).

From Fig. 2, the BER performance of three proposed
beamforming designs are plotted. The combined multi-
objective TX-BF and RX-BF approach (case 3) has improved
performance than the combined single-objective TX-BF and
RX-BF approach (case 2) and lastly the individual approach
(case 1). From Fig. 2, the case 2 has the BER performance less
than 107*at SNR=10 db. Fig. 3 shows that it also has
improved sum-rate performance and lower BER performance.
This is measured from comparing the execution times with
deriving the TX-BF for LS criteria using an evolutionary
algorithm (GA) at a specified average SNR. The sum rate in
bits/Hz is calculated by, Y~ ,log, (1 + SINR;). Averaging
over 100 realizations, case 3 is five times faster than LS with
GA for N=4 users. Fig. 4 compares the sumrate maximization
by ESO with sumrate maximization by gradient descent
method discussed in [8].

TABLEIIT
SUMMARY OF SETUP PARAMETERS AND THEIR SIZES
Symbol Name Size
R Number of subcarriers 16
N Number of users N,N+1
K, Number of transmitter antenna per user N+1
K, Number of receiver antenna per user N,N+1
L+1 Channel length Scalar
Lo, Cyclic Prefix Scalar
M ESO Iterations 16

10 T T T T T

—8— casel N=3 Kt=4 Ki=3
¢ —8— case? N=3 Kt=4 Kt=4
cased N=3 Ki=4 Ki=4

10‘5 1 1 1 1 L L 1 1 L
0 1 2 3 4 5 6 7 8 9 10

os%lon?

Fig. 2 The BER performance for proposed beamforming designs for
N=3 and G(0,1) channels

20 ‘ . . . ‘ . . .
case 3.MN=4 Kt=Kr=5 {

L LS-N=4 Kt=Kr=5 ||
)

Sum rate(bits/sfhz)

0 2 4 6 8 10 12 14 16 18 20
as%ian®
Fig. 3 The sum rate performance of case 3 and LS TX beamforming
design for N=4 users

From Fig. 4, the performance loss is only 0.8 db. Then the
computational complexity of gradient method is given by
O(KN2M®)  where M =max (K,K;). Though, the
computational complexity for proposed ESO is denoted by
O(KNM?). The computational time is five times faster for the
special case M=4 and N=3. The proposed Elongated
Successive Optimization shows much lower computational
time than the existing beamforming methods.
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107

————— gradient descent method
proposed ESO

c
0 2 4 6 8 10 12 14 16 18 20
os%ion®

10 L L L L

Fig. 4 The BER performance comparison of gradient method and
proposed ESO for N=3 and G(0,1) channels

V.CONCLUSION

In this paper, we provide the framework for distinct and
combined design of TX and RX beamformers in a MIMO-
OFDM multiuser transmission based on beamforming
strategies. Thus to enhance the performance and to minimize
the bit error performance, this paper presents three
beamforming designs for MIMO-OFDM interference
channels. The proposed algorithm aimed at combining the TX
and RX beamformers for controlled SNR and SINR
maximization. This algorithm comprise iterative measures
with secure-form steps, allowing the fast solution. The third
algorithm- combined controlled SNR and SINR maximization
overtakes the least square (LS) beamforming design with
lower computational time. The second algorithm provides low
BER whereas the first algorithm is the modest in terms of
complexity. The simplicity of proposed algorithm comparison
illustrates its better performance than existing method. In a
subsequent work, this beamforming designs along with the
proposed algorithm will be used to elicit multipath diversity
using linear constellation precoder in order to improve the
error performance in multiuser MIMO-OFDM interference
channels.

APPENDIX

A. Elongated Successive Optimization (ESO)

This ESO algorithm is an iterative procedure for
maximizing the function successively by combining over all
variables limited over individual subsets. It is mainly used for
multi-objective optimization problem. The sum of objective
functions are taken as:

minI(y) =Ly yn)+ . Ayn O 9w 2D

The main sign of ESO is to switch this difficult combine
optimization problem (21) of I; (¥) over the sub-problems:

Min I; (Y1, e Yiot, Yir Vi1 o - YN) (22)
x;€0L

where (yy,..yi_1,¥it+1,-Yn) are fixed the unique global solution
minimizer is given as,

yi=li(3/1!'rYi—1’Yi+1l"yN) i=1!"'rN (23)
For yy, ..., yy_1 outline:

YN-1 = lN—1(Y1; ----- Y2 v, - ... ryN—l)) 24)

2 gv-1V1seeee JYN-1)
Such that y £ [y,,..... Yn-1]T and g 2 [gq,.. ... In-1T. If
for some e,
11l < efor |lcol{ys, . Yiet, Viers - N3 <€
Then from Brouwer’s theorem such that,
INOL Y3 V-0 VN) < LYo YN-1, VN) (25)

Thus, y* obtained by ESO is said to be a Nash Equilibrium
(NE) for N games. One of the simplest approximation is,

(n+1) —

v, (n+1) n+1) (n) (n) (26)

Loy 7o ¥y Vit In

Linking the y* to the stationary solution of original problem
(21) is an exposed problem. To produce multi-objective
optimization the elongated successive optimization is
effectively used by joining the TX and RX beamformers.
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