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Abstract—This paper considers a multi-user multiple-input
multiple-output (MU-MIMO) visible light communication (VLC)
interference channel. The multi-user interference (MUI) can be
successfully eliminated with the perfect knowledge of channel
state information (CSI). However, the perfect information may
not be available at transmitter, which will lead to severe in-
terference and consequently degrade the system performance.
Robust precoding design with the assist of block diagonalization
(BD) scheme is proposed to minimize the mean square error
(MMSE), which not only completely suppresses the MUI but
also maximizes the sum rate of the MU VLC system. Simulation
results are presented to validate the effectiveness of the proposed
algorithm.

I. INTRODUCTION

In recent years, visible light communication (VLC) has been
emerged as research interests to be an alternative technology
which can satisfy the growing needs in wireless data and sur-
mount the crowed radio spectrum for wireless communication
systems [1]. It can serve room illumination and wireless data
transmission simultaneously where the light-emitting diodes
(LEDs) had become the suitable lighting equipment because
of its characteristic of extreme high switching rate. Due to
the limited modulation bandwidth of the LEDs, the VLC
spectral efficiency improvement has become a challenging
topic. Multiple-input multiple-output (MIMO) techniques can
be considered a tremendous technology to achieve high data
rate in indoor VLC systems without increasing system band-
width [2]-[4]. The precoder and equalizer joint design of
optical wireless MIMO system is studied with only one user
considered [5]. Nevertheless, as the VLC broadcast nature,
multiple users should be investigated, in which the system
performance could be degraded resulting from the multi-user
interference (MUI). Therefore, the MUI elimination is of
critical importance for MU VLC system.

Precoding is a promising approach to suppress the MU
interference from cellular to VLC systems [6]-[10], [12].
The special case that the one user is equipped with only
one photodetectors (PD) has been investigated over MISO
VLC systems where the zero-forcing (ZF) beamforming was
designed to maximize the achievable sum rate for downlink
MISO VLC system [6]. Without perfectly eliminating the
interference, the optimal transmit beamforming is designed to
maximize the sum rate directly [7]. The optimal transceiver
relying on the objective function of minimizing the maximum
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mean square error (MMSE) between the legitimate transmitted
and received signals of the users are designed in [8]. The MU-
MIMO optical orthogonal frequency division multiplexing
(OOFDM) aided indoor VLC scheme is proposed where the
MUI is mitigated by the MIMO precoder [9]. Moreover, the
block diagonalization (BD) precoding technique is developed
which maximizes the sum rate performance [10]. All above
mentioned works are under the assumption at perfect channel
state information (CSI). However, the channel uncertainty need
to be considered in practical systems. Dirty paper coding
(DPC), channel inversion (CI) and BD scheme are imple-
mented in [12] and three different transmission precoding
schemes’ performance was studied under the imperfect CSI
assumption where the considerable bit error rate (BER) can
be achieved via BD technique. But the achievable sum rate
has not been investigated which is an important metric for
evaluating communication efficiency.

In this paper, we study the robust beamforming for MU-
MIMO VLC downlink broadcast system where the MUI is the
primary challenge resulting in system sum rate degradation.
Under the assumption of perfect CSI, the BD technique com-
bining with water-filling algorithm are exploited to entirely
eliminate the MUI and the maximum sum rate is achieved.
However, in practical system, the channel uncertainty may
cause that the MUI cannot perfectly eliminated, and the
underlying problem becomes non-convex. As result, a robust
precoding design is proposed to minimize the MSE, which
is equivalent to the sum-rate optimization problem. Instead
of MU-MISO transceiver design by minimize MSE under
the assumption of the perfect channel information [8], our
approach involves MU-MIMO interference channel and the
channel uncertainty. Simulation validates that the proposed
robust algorithm can achieve the improvement of sum rate
performance in contrast to the case in which channel uncer-
tainty has not been taken into considered.

The rest of the paper is organized as follows. Section II
presents the MU-MIMO VLC model. Section III investigates
the beamforming design with perfect CSI for MU-MIMO
VLC systems. Section IV discusses the robust approach with
imperfect channel information while simulation results are
demonstrated in Section V. Finally, Section VI concludes this
work.
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II. SYSTEM AND CHANNEL MODEL

We consider an indoor MU-MIMO VLC system that con-
sists of N transmitting LED arrays and K user terminals,
each equipped with L LEDs and M}, receiver photodetectors
(PDs) respectively. The total number of PDs in this indoor
system is M = Zle M. The vector u;, € RV*! represent
the information signal of k-th user, which is zero mean and
belongs to [—1,1]. The precoding matrix for the k-th user
is Wy = [wlh,wh,...,wh,]" € RV and each row
of Wy, represent a precoding matrix at each LED array for
k-th user. The precoded data signal at n-th LED array is
Ty = Zle w,rU,. The transmitted optical signal at n-th
LED array can be written as

Sn = Tn + Pn, (l)

where p,, is the direct current (DC) bias and also the average
optical intensity of the n-th LED. The constraint to ensure
the non-negativity and limited linear range requirement of the
LED array input signal can be expressed as

0< Sn < Pmax- (2)

Since we have uy € [ — 1, 1], the range of s,, becomes

K K
k=1 k=1

Therefore, the constraint for the precoding matrix to ensure
(2) can be presented as

K
Z ||Wnk||1 gp;u vn? (4)
k=1

where p), = min{p,, Pmax — Pn}, and || - ||1 is the L; norm
operator.

There are two types of links in the VLC system which
cause the received signals constituted by two components.
One is the direct line-of-sight (LOS) component propagated
from LED to the receiver and the other is diffuse component
caused by reflections from the walls. It is sensible that the
volume of our research is just an internal part of a larger
indoor normal environment. Therefore, the diffuse component
can be neglected [11].

With only the LOS link considered, each element hif) of
channel matrix Hj, € RM+*¥ denotes the path loss between
i-th PD of the k-th user and j-th LED array, where the path
loss can be written as [11], [12]

L
hff) = Z ARZP(?]Z)!J (Yizi) cos (Yizi) ,0 < Yiji < Yrov,
=1 ij

&)
while h{" = 0 for ¢y; > Vpoy. In (5), diji denotes the
distance between the I-th LED in the j-th LED array and i-th
PD, ¢;; is the angle of emission relative to the optical axis
of the LED array, 1;;; is the incidence angle relative to PD,
U roy denotes the optical field of view (FOV) of the PD and
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g (i;1) is the gain of optical concentrator which given by

2
3 ,0 <Y1 < Yrov,

g9 (Yiji) = {S“F<WFOV> (6)

0 it = Yrov,
where « is the refractive index of concentrator. R, (¢;1) is
the Lambertain radiant intensity of each LED,
m+1 m
R, (¢ij1) = (27) cos™ (¢iji) » (7
s
with m being the order of Lambertain emission determined
by the semi-angle for half illuminance of the LED @, 5, and
m=1n2/In (cos <I>1/2).
Hence, the received optical signal after removing the DC
components at the k-th user can be expressed as

riy = v Hy [CEl LI,']\[}T#*Z]c
K
= wH Y Wiu; + 7

j=1

K
=v.Hi | Wrug + Z W, u; | + 2z, ®)
Jj#k
where v is the detector responsivity of the k-th PD, z; €
RMx X1 g additive white Gaussian noise with zero mean and
variance 0%, i.e., z ~ CN (0,07) and W), € RV* s the
transmit beamformer.

III. SUM RATE MAXIMIZATION PROBLEM FORMULATION

With assumption that the channel state information is per-
fectly know at transmitter side, the transmitted data can be
efficiently precoded and the MUI H; W will be diminished
by utilizing BD algorithm that is

HW,; =0, (j#£k). ©)

Supposing

H; = [H{ Hi_, Hy, Hil, a0

which combines all channel matrices expect the k-th user’s
matrix Hy, the singular value decomposition (SVD) of Hjy
can be obtained as

0, =U,s, [V vi]" (11

where 7, = rank(I:Ik), V¥ holds the first ), right singular
vectors corresponding to non-zero eigenvalues of H,, and
V"™ contains the last (N — ) right singular vectors
corresponding to zero eigenvalues of H,,. Since V,iv ~"* forms
an orthogonal basic for the null space of H;., W, can be any
linear combination of V,]CV_”, ie. Wy, = V,JCV_”A;G, where
Ay € RIN=76)XN can be any arbitrary matrix subject to the
inequality constraint (4). For simplicity, Vj denotes V]kv Tk
in the following contents.

The maximum sum rate of MU-MIMO VLC can be
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achieved by solving the following problem, that is,

1 K
g2

(12)

2
I+ LH, Vi AAVIH]
k

K
s.t. Z IAFVTe, |1 <p),, n=1,2..N,
k=1

where e,, denotes a zero vector with n-th element being one
and T represents the identity matrix. We can treat H; Vy, as
the effective channel matrix H, for k-th user, and it has a
singular value decomposition represented as
H.=H,V,=U32V’ (13)

By defining
Ay = V.diag (ﬁl, o ﬁ,«k) : (14)

the underlying problem (12) can be represented as

1K
§ZIOg2

k k=1

2
I+ %Ekﬁgdiag Aoy A
k

15)

K
st. Y ||diag (ﬁh . \5) VIVTe, |1 < pl,Vn,
k=1

where the optimal solution {\{",..., A%} can be obtained
via water-filling algorithm [13].

IV. SUM RATE MAXIMIZATION WITH IMPERFECT
CHANNEL INFORMATION

Due to the imperfection of the CSI in practical system,
we develop a robust design to provide the robustness to the
uncertainty. We assume that H represents the estimated CSI
for MU-MIMO VLC system, and channel estimation errors
are taken into account, therefore the real channel in LOS link
can be represented as

H=H + AH, (16)

where AH is the corresponding channel estimation errors
modeled as zero-mean Gaussian random model with variance
o2 [5]. The corresponding received signal with imperfect CSI
at output of the k-th receiver becomes

K
Ty = V& (I:Ik + AHk) Wiu + Zlelj + zg, (17)
J#k

where AH, can be denoted as AH, = agRi/szRi/Q.
The elements of the My x N matrix H,, are independent
and identically distributed (i.i.d) Gaussian random variables
with zero mean and unit variance. R, is the M, x M,
correlation matrix reflecting the correlations between receive
antennas, and R is the N x N correlation matrix reflecting
the correlations between transmit antennas. Furthermore, the
(i, j)-th entry of the corresponding covariance matrices can be
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chosen as "7 and 5°~7! and the factors o and 3 represent
transmit correlation and receive correlation respectively.

According to [14], we have the mutual information of k-th
user,

z (’Ik;yklﬂk> =h <$k|ﬂk> —h ($k|yk,ﬂk)

1 i S
>3 logy [T+ 2, W, WTHI QY| (18)

A K
where Qi = o1 + 7,%(2]-:1 o tr(W;WIR,)R, +
Z;;k H, W, ;WHY]). tr () represents the trace of a matrix.
By maximizing the sum of the lower bound of the mutual
information over all &k, the robust sum rate maximization
formulation can be written as

K
1 . o
5> log, ‘I + W WTHTQ;
k=1

max

o 19)

K
S.t. Z ||W]1;enH1 < p;m V’I’L7
k=1

which is neither convex or concave with respect to Wy, though
the estimated interference can be eliminated via BD technique,
that is, I:IkWJW;‘FI:IE = 0,j # k. In order to overcome
the difficulty in solving the non-convex problem, the objective
function (19) needs further reformulation.

Base on (9) and (17), the corresponding estimated signal at
the k-th receiver can be presented as

K
u, = Fz fykI:Ikauk + Ve Z AHijllj +zr |, (20)
j=1

where F;, € RMrxN g the receive beamformer. Therefore,
the MSE matrix can be expressed as

E; £ Euy ((flk —uy) (4 — U—k)T)
=1I- ’kugI:Ika — *ykW{IAika

K
+9% Y ol tr (W;WIR,) F{R,F, + 0} F|F
j=1

+ 72 FTH, W, WL H!F,. QD

By introducing a weight matrix B; for each Eg, we
constructs the following problem

K

% > (tr (BxEy) — logdet (By))
k=1

min (22)
Wi ,Bg,Fi

K
st S [Wiel <pl, n,
k=1

which is convex with respect to By, F; and Wy, respec-
tively. The optimum solutions can be obtained via alternating
minimization approach over Fy, B, and W, sequently. The
algorithm is briefly presented as follows.

a) Given B, and Wy, by taking the differential of the
objective function with respect to Fj, the optimal solution
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OE, __

Fj, can be obtained by Zg* = 0, that is,

N N -1

Fi = (v,fHkangf + Qk) H,Wi,  (23)
where Qj = 73 Zjil oZtr (W;WTR,) R, + 071 By sub-
stituting (23) into (21), the minimum MSE matrix is given
by

. . . 1
B =1—}WiH] (VW WIH] + Qi) W
24)

b) The optimal By can be obtained from the first order
optimality condition of the objective function in (22), that is,

r=(Ep . (25)

Substituting the optimal By, into the objective function (22),
we have the equivalent problem of the form

| K
B Zlog det ((EZ)_l)
k=1

K
s.t. Z ||ernHl < p;w V’I’L,
k=1

max

na (26)

where the objective function is equivalent to the one in
the robust sum rate maximization formulation (19) with BD
algorithm, that is,

1K
3 Zlogdet ((EZ)fl)
k=1

K 71

1 Qx
=— g log det = =
2 &~ <7ngWkW,€TH£ + Qk)

K

1 . N

—5 > logdet (Ik A2, W, WT AT le). 27
k=1

¢) Given F and By, the optimum Wy, can be achieved by
solving the following optimization problem, such as,

min
k
Tt (Bk (VgF{ﬂkaW{ﬂng))
K
+3 vRoltr (ByFf R, Fy) tr (W, W] Ry)

j=1

tr (:B]C (Ik — WkFgﬂka - ’yngI:I{Fk))

(28)

K
s.t. Z IWie,|1 <pl,, Vn,
k=1

which is derived from plugging (21) into (22). The op-
tical power constraint here is different from traditional elec-
tronic constraints in RF what are often based on the Lo
norm [15]. With the help of equation tr (AYBAC) =
vec (A)7 (CT ® B) vec (A), the last two terms of the ob-
jective function in (28) are transformed into quadratic forms.
Since the other terms are linear or constant and the constraint
is linear, the original optimization problem becomes a convex
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linearly constrained quadratic program (LCQP) problem which
can be solved by CVX to figure out the optimal Wg.

V. SIMULATION RESULTS AND DISCUSSION

In this section, the performance of the proposed sum rate
maximization schemes are investigated via simulations in
practical VLC scenarios. Four LED TX arrays are located in
the ceiling in a 5 x 5 x 3 m? space of an indoor environment,
with the position [1.5, 1.5, 3], [3.5, 1.5, 3], [1.5, 3.5, 3],
[3.5, 2.5, 3], respectively. Two user terminals, each with two
PDs, are placed at a height of 0.8 m with 0.02 m separation
between PDs of the same user terminal. This configuration
constitutes a 4 x [2,2] MU-MIMO VLC system based on the
model presented in Section II. The parameters used for the
simulations are listed in Table I unless otherwise specified.

TABLE I
SIMULATION PARAMETERS

Description Value
Number of LEDs per Array | 60 x 60

Transmitter Semi-angle 60 deg

Field of View 60 deg
Physical Area of PD 1.0 cm?
PD Responsively 0.53 A/W

—*— Scenario 1
—&— Scenario 2

Average sum rate (bps/Hz)

10 15 20 25 30 35 40 45 50 55 60 65
SNR (dB)

Fig. 1. Sum rate performance of the water-filling algorithm with different
user’s locations

In the following, we investigate the performance of the
water-filling algorithm with the same transmitting semi-angles
in all transmitting LEDs. Two scenarios are considered with
respect of the distance between two users. In scenario 1, the
distance between the two users are relatively far away, which
is set as [1, 1, 0.8], [4, 4, 0.8]. While scenario 2 is assumed
that the two users are close to each other, where the locations
of two users are [2, 2, 0.8] and [2.5, 2.5, 0.8] respectively.
Fig. 1 shows the achievable sum rate via the water-filling
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algorithm with different scenarios, in which a higher sum rate
can be achieved when the two users are not near with each
other. Moreover, the sum rate performance is degraded by the
high channel correlation due to the short distance between
the two users, which demonstrates the advantage of spatial
multiplexing.

Average sum rate (bps/Hz)

—©— Robust sum rate maximization
—&— Non-robust sum rate maximization

65 ‘ ‘ ‘
10 107 102 107!

Channel Estimation Error, (ri

Fig. 2. Impact of the channel estimation error and the robustness of the BD-
WMMSE method.

Fig. 2 illustrates the robustness of the proposed design
against channel imperfection, where the achievable sum rate is
presented. The coordinates of two users are fixed at [2.5, 2.5,
0.8] and [4, 4, 0.8] respectively, p/, = 20 and o = 8 = 0.5.
As we expected the average sum rate performance improves
with the reduction of the channel estimation errors and the
proposed robust BD-WMMSE design outperforms the non-
robust scheme. When the channel estimation errors becomes
small, two algorithms have the similar performance because
that the channel uncertainty no longer dominate the achievable
SNR .

VI. CONCLUSION

In this paper, we maximized the average sum rate for
indoor MU-MIMO VLC downlink broadcast channel where
BD beamforming with the assist of WMMSE algorithm is
exploited to suppress the MUI with the channel estimation
errors. Robust design is considered to maximize the sum rate
with the imperfect CSI, and the optimal solution is obtained by
solving the sum-rate maximization problem which is further
reformulated as WMMSE problem. Simulation result shows
that the robust design can provide robustness against the
channel uncertainty.
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