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24Abstract: Light-emitting diode (LED)-based visible light communication (VLC), combining
25illumination and communication, is a promising technique for providing high-speed, low-cost
26indoor wireless services. In indoor environments, multiple LEDs routinely used as lighting
27sources may also be concomitantly invoked to support wireless services for multiple users,
28thus forming a multiuser multiple-input–single-output (MU-MISO) system. Since the user
29terminals detect all the light rays impinging from multiple LEDs, inter-user interference may
30severely degrade the attainable system performance. Hence, we conceive a transceiver de-
31sign for indoor VLC MU-MISO systems to suppress the multiuser interference (MUI). In con-
32trast to classic radio-frequency (RF) communication, in VLC, the signals transmitted from
33the LEDs are restricted by optical constraints, such as the real-valued nonnegativity of the
34optical signal, the maximum permissible optical intensity, and the constant brightness re-
35quirements of the LEDs. Given these practical constraints, we design the optimal trans-
36ceiver relying on the objective function of minimizing the maximum mean square error
37(MMSE) between the legitimate transmitted and received signals of the users and show
38that it can be readily found by solving a convex second-order cone program. Then, we also
39propose a simplified transceiver design by incorporating zero-forcing (ZF) transmit precod-
40ing (TPC) and show that the TPC coefficients can be efficiently found by solving a linear
41program. The performance of both the optimal and the simplified transceiver is character-
42ized by comprehensive numerical results under diverse practical VLC system setups.

43Index Terms: Light-emitting diode (LED), visible light communication, transceiver design,
44multiuser multiple-input single-output (MU-MISO), mean square error (MSE).

451. Introduction
46Light-emitting diodes (LEDs) are expected to displace existing conventional fluorescent and in-
47candescent lighting devices and become the dominant lighting sources for indoor illumination
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48owing to their higher power efficiency [1], [2]. As a further benefit, the optical intensity of LEDs
49can be modulated to transmit high-speed information with the aid of visible light communication
50(VLC) [3]–[5], which has attracted considerable interests owing to its compelling low cost, li-
51cense-free operations, low electromagnetic interference, high security and so on. With the grow-
52ing demand for higher speed data transmission and the saturation of the radio frequency (RF)
53spectrum, VLC is deemed to be a promising technique of realizing ubiquitous indoor wireless
54downlink coverage [6].
55VLC systems often exploit multiple lighting sources for simultaneously supporting multiple
56users in indoor environments [7], which leads to the concept of multiuser MISO (MU-MISO) VLC
57systems. Since each user terminal receives light rays from multiple LEDs, inter-user interference
58arises, which may severely degrade the multiuser performance. Thus, the multiuser VLC sys-
59tem's transceiver has to suppress the multiuser interference (MUI). Although multiuser RF sys-
60tems have been extensively studied, they cannot be directly applied to VLC systems owing to
61the following major aspects [8].
62· The signals transmitted by LEDs must be non-negative real values instead of the bipolar
63complex values of RF communication.
64· In VLC, the main functionalities of LEDs are to provide indoor illumination; hence, they are
65subject to optical power constraints for the sake of guaranteeing the indoor illumination,
66rather than to the electronic power constraints of RF communication.
67Therefore, the above features must be taken into account in the design of VLC systems. An SVD-
68based transceiver architecture was adopted in [9] for maximizing the data rate, where the total opti-
69cal power constraints were indeed considered, but the average optical intensity fluctuated as a
70function of the optical channel conditions, hence imposing lighting flickers. In [10], the block diago-
71nalization (BD) based transmit precoding (TPC) strategy of RF communication was directly applied
72to multiuser VLC systems without considering the specific features of VLC. In [11] a pseudo-
73inverse based zero-forcing (ZF) TPC strategy conceived for MU-MISO broadcasting systems is
74considered. A locally optimal linear TPC method was proposed in [12] for MU-MISO VLC relying
75on the objective function (OF) of minimizing the total mean-squared error (MSE) between the re-
76ceived and legitimate transmitted signals of the users, which may impose unfairness among the
77users, because the users having a higher received signal power may monopolize the resources.
78Against this background, we propose multiuser MISO indoor downlink VLC designs for sup-
79pressing the MUI, while providing stable illumination. Since in uplink transmission using VLC
80would lead to an unpleasant irradiance from the user devices, in practical uplink scenarios it is
81more apt to use either infrared (IR) or RF transmission [13], [14]. As a further benefit, IR or RF
82uplink transmission will not interfere with the downlink VLC and indoor illumination. Therefore,
83we focus our attention on downlink VLC design in this paper. The main contributions of the
84paper are summarized as follows.
851) Given our design objective, we impose a per-LED optical power constraint that takes into
86account both the non-negative nature of the optical signals, as well as the maximum
87affordable optical power, whilst maintaining stable brightness.
882) Our design goal is to optimize the entire system's performance, while maintaining through-
89put fairness for all users. Again, this is achieved by minimizing the OF constituted by the
90maximum MSE between the legitimate transmitted and received signals of all users. Given
91this OF, we first develop the globally optimal transceiver scheme under the above-
92mentioned optical power constraints and show that its minimum can be efficiently found by
93solving a convex second-order cone program (SOCP) [15].
943) Then, we propose a simplified ZF TPC, which outperforms the traditional pseudo-inverse
95based ZF TPC scheme of RF communication, and show that the weights of the simplified
96TPC can be more efficiently found by solving a linear problem. Finally, the performance
97of both the proposed globally optimal and of the simplified TPC designs is evaluated for
98different VLC setups.
99The remainder of this paper is organized as follows. The model of the MU-MISO indoor VLC
100system is described in Section 2. Both the globally optimal and the simplified transceiver
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101designs are developed in Section 3. Section 4 characterizes the numerical performance of the
102proposed transceiver designs. Finally, our conclusions are provided in Section 5.
103The following notations are used. Boldface upper case letters denote matrices, boldface lower
104case letters represent column vectors, while standard lower case letters denote scalars.
105Furthermore, IN denotes the identity matrix of size N, ei is the all-zero vector having a single
106one in the i th element, 1 denotes the vector of all ones. The operators vecð�Þ, ð�ÞT, and ð�Þ�1 rep-
107resent the vectorization, transpose and inverse of a matrix, respectively. The operator diagfbg
108denotes the diagonal matrix with the element b, whilst k � k1 and k � k2 are the L1 and L2 norm of
109vectors, respectively. The Kronecker product of matrix A and B is denoted as A� B.

1102. Multiuser MISO Indoor VLC Systems

1112.1. Optical Power Constraints
112In VLC, the LEDs are the key component used for both indoor illumination and communica-
113tion. The transfer characteristic of LEDs leads to the unique optical power constraints imposed
114on the transmitted signals. Firstly, the LEDs exhibit a limited linear dynamic range. As seen in
115Fig. 1, we can linearize the non-linear input-output characteristic with the aid of predistortion
116over the limited dynamic range of ½IL; IH �, which linearly corresponds to the optical power range
117of ½0; pmax� [16], [17], where IL denotes the turn-on current, while IH is considered to be the maxi-
118mum tolerable AC current. Hence the tuplet ½IL; IH � allows us to avoid both the overheating of the
119LED chips and the potential light intensity reduction. The signals transmitted by LEDs will be
120clipped beyond this dynamic range. Therefore, based on the direct linear relationship between
121the radiated optical power and drive current, the constraint imposed on the transmitted signal x
122in terms of its optical power may be expressed as 0 � x � pmax. The constraint ensures the
123non-negativity of the signals as well as the normal operation of the LEDs. Additionally, since the
124human eye is insensitive to optical intensity fluctuations beyond the fusion frequency of the hu-
125man eyes, but only responds to the average optical intensity of LEDs, the average optical inten-
126sity should remain constant over time to provide stable brightness, which is formulated as
127E½x � ¼ pavg, where pavg depends on the illumination requirements [18].
128In conclusion, the above pair of optical power constraints should be satisfied simultaneously
129to prevent signal distortion and to retain the primary functionality of VLC as well as stable bright-
130ness. Explicitly, the above optical power constraints of VLC are different from the electronic
131power constraints widely used in RF communication.

1322.2. Transmitter Model
133The MU-MISO indoor VLC system considered consists of several LED transmitters and user
134terminals, as shown in Fig. 2. Since the user terminals receive light rays from multiple LED
135transmitters, the light signals transmitted to a specific user will interfere with these of the other

Fig. 1. Limited linear dynamic range of LEDs.
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136users and, thus, severely degrade their communication performance. Therefore, the transmitted
137data symbols have to be preprocessed based on the knowledge of the channel state information
138(CSI) to suppress the MUI.
139Let sk represent the pulse-amplitude modulation (PAM) symbol transmitted to the k th user
140with a zero mean, i.e., E½sk � ¼ 0, which is normalized for ensuring that sk 2 ½�1; 1�. Let further-
141more u2 denote the covariance of sk , yielding E½s2k � ¼ u2, and s ¼ ½s1; . . . ; sM �T represent the
142symbol vector of all the M users. The information symbols transmitted to different users are in-
143dependent of each other, i.e., we have E½ssT� ¼ u2IM . After modulation, the TPC relying on the
144knowledge of the CSI is invoked for suppressing the MUI and a direct current (DC) component
145is added to guarantee the non-negativity of the signal. After the TPC and DC biasing operations,
146the signal vector x ¼ ½x1; . . . ; xN �T transmitted by the LED array is given by

x ¼ Wsþ p ¼
XM
k¼1

wksk þ p (1)

147where W 2 RN�M is the TPC matrix, wk 2 RN is the k th column of W, which denotes the TPC
148vector of the k th user, and p ¼ ½p1; . . . ; pN �T is the DC offset added to the signals. The signal xn
149transmitted by the nth LED can be expressed as

xn ¼
XM
k¼1

wnksk þ pn (2)

150where wnk is the element of W in the nth row and k th column. Therefore, the average optical in-
151tensity of the nth LED is expressed as

E½xn� ¼ E
XM
k¼1

wnksk

" #
þ pn ¼ pn: (3)

152We find from the above equation that the average optical intensity of the LED will not be influ-
153enced by the PAM symbols transmitted to the users and it is uniquely determined by pn. There-
154fore, pn should remain constant over time for maintaining the brightness of the LEDs. Since we
155have sk 2 ½�1; 1�, the dynamic range of xn becomes

�
XM
k¼1

jwnk j þ pn ⩽ xn ⩽
XM
k¼1

jwnk j þ pn; n ¼ 1; . . . ;N : (4)

Fig. 2. Schematic of TPC-aided MU-MISO indoor VLC systems.
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156To ensure that the LEDs operate within their dynamic range of ½0; pmax�, the TPC should satisfy

� PM
k¼1

jwnk j þ pn � 0

PM
k¼1

jwnk j þ pn � pmax:

8>>><
>>>:

(5)

157Rearranging the above inequalities, the optical power constraints imposed on the TPC matrix W
158are given by

XM
k¼1

jwnk j ¼ WTen
�� ��

1 ⩽ p0
n; n ¼ 1; . . . ;N (6)

159where p0
n ¼ minfpn; pmax � png, en denotes a zero vector with the nth element being one, and

160k k1 is the L1 norm of vectors (note that traditional electronic power constraints are often based
161on the L2 norm).

1622.3. Receiver Model
163The light rays received by the users are converted into electronic signals by the photo diode
164(PD) at the receiver. In general, the VLC signals received by PD are constituted by two compo-
165nents, namely the line of sight (LOS) component that propagates directly from the LED to the re-
166ceiver and the diffuse component arriving via reflections. As shown in [19], [20], the electrical
167power of the strongest diffuse component in the room is still at least 7 dB lower than that of the
168weakest LOS component received. In [21], it is revealed that the LOS component represents
169more than 95% of the total received optical power; hence, the diffuse component is negligible
170compared to the LOS component. Therefore, it is reasonable to focus on the LOS component in
171indoor VLC system designs. With only the LOS component considered, the channel attenuation
172between the nth LED and the k th user is formulated as

hkn ¼
�Aðmþ1Þn2

c

2�l2sin2 c
cosmð�ÞTsð Þcosð Þ;  �  c

0;  >  c

(
(7)

173where � is the detector's responsivity, A is the area of the PD, nc is the refractive index of the
174optical concentrator, l is the distance between the LED and the user, m is related to the half
175power semi-angle �1=2 via m ¼ �ln2=lnðcosð�1=2ÞÞ, � is the angle of irradiance,  c is the recei-
176ver's field of view (FOV),  is the angle of incidence, and Tsð Þ is the gain of an optical filter.
177After removing the transmitter's DC offset at the receiver, the useful received signal of the k th
178user is expressed as

yk ¼ hT
kWsþ nk ¼ hT

kwksk þ
X
j 6¼k

hT
kwj sj þ nk (8)

179where hk ¼ ½hk1; . . . ;hkN �T is the channel vector spanning from the LED array to the k th user,
180and nk is the additive Gaussian noise constituted by the shot noise plus thermal noise in VLC. It
181is the second term of (8), which represents the MUI that has to be suppressed. The variance of
182the noise, and the relevant parameters can be found in [21]. Consequently, the mean square
183error (MSE) between the received signal and the original legitimate transmitted signal of the
184k th user is given by

MSEk ¼E ðckyk � sk Þ2
n o

¼ E ckh
T
kwk � 1

� �2
s2k

h i
þ
X
j 6¼k

E ckh
T
kwj

� �2
s2j

h i
þ E c2

k n
2
k

� �

¼ c2
k

XM
j¼1

u2 hT
k wj

� �2 þ �2k

" #
� 2cku2hT

k wk þ u2 (9)
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185where ck is the receiver coefficient of the k th user, which offers an additional degree of freedom
186that can be used for system optimization, and �2k is the variance of the noise. Note that the MSE
187is a compelling performance metric that strikes a trade-off between taking into account both the
188effects of the channel and the noise, which will, hence, be adopted in this paper. The objective
189of the paper is to develop efficient transceivers (including both the TPC and the receiver coeffi-
190cients) for our MU-MISO VLC system by minimizing the MSE between the transmitted and re-
191ceived signals of the users in the presence of the per-LED optical power constraints.

1923. Transceiver Designs for MU-MISO Indoor VLC
193In this section, our MU-MISO VLC transceiver is designed under specific per-LED optical power
194constraints for suppressing the multiuser interference, while maintaining stable illumination.
195Again, the coefficients of both the TPC and of the receiver are found by minimizing the maxi-
196mum MSE between the received and legitimate transmitted signals of the users. We first de-
197velop the optimal transceiver scheme and then propose a simplified design relying on ZF TPC.

1983.1. Optimal Transceiver Design
199Let us now formulate the VLC MU-MISO transceiver design as the following optimization
200problem that minimizes the maximum MSE between the received and legitimate transmitted
201user signals under per-LED optical power constraints as

min
W;fckg

max
k¼1;...;M

MSEk s:t: kWTenk1 ⩽p0
n; n ¼ 1; . . . ;N (10)

202where the MSEk is calculated according to (9), and p0
n ¼ minfpn; pmax � png. Explicitly, the TPC

203matrix W and the receiver coefficient ck have to be jointly optimized. Therefore, we will perform
204the optimization in two stages, firstly we optimize ck for a fixed TPC W and then optimize W.
205For a fixed W, the optimal receiver coefficient ck satisfying (10) is given by

c	k ¼ argmin
ck

MSEk ¼ argmin
ck

c2k
XM
j¼1

u2 hT
kwj

� �2þ�2k
 !

� 2cku2hT
kwk þ u2: (11)

206The above equation accrues from the fact that ck can only influence the MSE of the k th user.
207Therefore, the optimal receiver coefficient c	

k can be calculated as

c	
k ¼ u2hT

k wkPM
j¼1

u2 hT
k wj

� �2þ�2k
: (12)

208Substituting (12) into (9) yields the following MSE expression, where only the TPC matrix W is
involved:

MSE0
k ¼ u2 � u4 hT

kwk
� �2

PM
j¼1

u2 hT
kwj

� �2þ�2k
: (13)

209In the next step, we will use the MSE expression in (13) to develop the optimal TPC matrix W.
210The optimization problem of (10) may be rewritten as

min
W

max
k¼1;...;M

MSE0
k s:t: kWTenk1 ⩽ p0

n; n ¼ 1; . . . ;N : (14)

211The L1 norm in (14) is equivalent to the following set of linear inequalities:

�dnWTen ⩽dn; 1Tdn ⩽ p0
n; n ¼ 1; . . . ;N (15)
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212where dn 2 RM is a newly introduced optimization variable, and 1 2 RM is an all-one vector. Let

213us introduce w ¼ vecðWTÞ ¼ ½eT1W; . . . ; eTNW�T, and d ¼ ½dT
1 ; . . . ;d

T
N �

T
. The optical power con-

214straints of all LEDs may be reformulated in the following concise expressions:

�d � w � d; Vd � p0 (16)

215where we have p0 ¼ ½p0
1; . . . ;p

0
N �T, V ¼ IN � 1T, IN is the unity matrix of size N and � is the Kro-

216necker product. Consequently, the optical power constraints in (14) are transformed to the linear
217constraints seen in (16). Based on (13), for the fixed maximum of ", the formulation MSE0

k ⩽ "
218will lead to

XM
j¼1

u2 hT
kwj

� �2 þ�2k � u4

u2 � "
hT
k wk

� �2
; k ¼ 1; . . . ;M : (17)

219Rewriting the left hand side of (17) using the L2 norm, we arrive at the equivalent expression of

uWThk

�k

����
����
2
⩽

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u4

u2 � "

r
hT
k wk

� �
; k ¼ 1; . . . ;M : (18)

220Since we have w ¼ vecðWTÞ and wk ¼ Wek , it follows that

wk ¼ vec wT
k

� � ¼ vec eTkW
T� � ¼ IN � eTk

� �
vecðWTÞ ¼ Tkw

WThk ¼ vecðWThk Þ ¼ hT
k � IM

� �
vecðWTÞ ¼ hT

k � IM
� �

w (19)

221where we have Tk ¼ IN � eTk . Therefore, we can reformulate (18) as

kAkwþ Skk2 ⩽
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u4

u2 � "

r
hT
k Tkw

� �
; k ¼ 1; . . . ;M (20)

222with Ak 2 RðMþ1Þ�MN and Sk 2 RMþ1 are defined as

Ak ¼ hT
k � IM
01�MN

� 	
; Sk ¼ ½0; . . . ; 0; �k �T (21)

223where 01�MN is an all-zero row-vector of size MN . The feasible set defined by (20) is a second-
224order cone, which is convex [22]. Hence, the optimization problem of (14) is a quasi-convex
225problem, which can be efficiently solved by the bisection methods of [23]. The corresponding
226feasibility problem, which is used in the bisection method to find our TPC, is given by

find w

s:t: kAkwþ Skk2 ⩽
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u4

u2 � "

r
hT
k Tkw

� �
; k ¼ 1; . . . ;M

� d � w � d; Vd � p0: (22)

227Again, the above problem is a convex SOCP, which can be efficiently solved by standard con-
228vex optimization methods, such as the interior-point method [15]. The procedure of obtaining
229the globally optimal precoder is formally described in Algorithm 1. Given the optimization preci-
230sion �, there are exactly dlog2ðð"max � "minÞ=�Þe number of iterations in Algorithm 1 [23].
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231Algorithm 1 Optimal TPC design algorithm

2321: Let ½�1; �2� ð�2 G u2Þ be the range of MSE, where �1 is sufficiently small so that (22) is infea-
233sible when " ¼ �1, and �2 is large enough so that (22) is feasible when " ¼ �2. Let � > 0 be
234the desired precision. Initialize "min ¼ �1 and "max ¼ �2
2352: while "max � "min > � do
2363: Set " ¼ ð"max þ "minÞ=2.
2374: Solve the feasibility problem in (22).
2385: If the problem is feasible, then set "max ¼ ". Otherwise, set "min ¼ ".
2396: end while
2407: The optimal precoder vector for the k th user is w	

k ¼ Tkw0, where w0 is the last feasible so-
241lution to (22).
242

2433.2. Simplified Transceiver Design
244In this subsection, we propose a simplified transceiver design imposing a lower computational
245complexity than the maximum mean square error (MMSE)-optimal one by incorporating the opti-
246mum ZF TPC. The ZF TPC is also an attractive transmission strategy, because it strikes a compel-
247ling tradeoff between the complexity imposed and the performance obtained. The pseudo-inverse
248based ZF TPC has been widely used in classic RF communication and it has been shown to be op-
249timal in the sense of the ZF criterion under the total electronic power constraints [24]. However, un-
250der the specific optical power constraints, the pseudo-inverse based ZF TPC has been observed
251to be suboptimal and indeed, it is outperformed by other ZF TPC strategies. At the time of writing,
252the optimal ZF TPC of VLC MU-MISO systems is unknown. Hence in this subsection, we will solve
253this open problem and derive the optimal ZF TPC strategy under specific per-LED optical power
254constraints.
255The ZF TPC eliminates the MUI by preprocessing the transmitted signals upon exploiting the
256knowledge of the CSI at the transmitter. Consequently, the multiuser channels are transformed
257into independent parallel subchannels. Thus, the matrix product of the TPC and of the channel
258matrix leads to the diagonal matrix of

HW ¼ diagfGg: (23)

259Here, G ¼ ½�1; . . . ; �M �T is the vector of equivalent channel gains of the parallel subchannels and
260its elements are all real and non-negative. Assuming that H is a matrix of full row rank, the tradi-
261tional pseudo-inverse based ZF TPC of classic RF communication is given by

WP ¼ HydiagfGg (24)

262where Hy ¼ HT ðHHT Þ�1
is the pseudo-inverse of H. Note that according to linear algebra [25],

263the pseudo-inverse based ZF TPC is merely a special case of the entire set of all ZF TPC satis-
264fying (23). The general structure of the ZF TPC is actually given by

WZF ¼ HydiagfGg þ ðIN � HyHÞB (25)

265where B is an arbitrary real-valued matrix of size ðN �MÞ. We can observe that the pseudo-
266inverse based ZF TPC is obtained from (25) by setting B to 0.
267Taking the ZF condition into consideration, we can formulate the ZF TPC design problem as

min
W;f�kg

max
k¼1;...;M

MSE0
k s:t: kWTenk1 ⩽ p0

n; n ¼ 1; . . . ;N ; HW ¼ diagfGg (26)

268where MSE0
k is given in (13). Note that the receiver coefficient ck is still given by (12), but with

269the precoder replaced by the ZF TPC obtained by solving (26). In contrast to the design in (14),
270the above precoder design is suboptimal, since extra ZF constraints are imposed. Nevertheless,
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271we will show that the ZF design of (26) will lead to a low-complexity TPC exhibiting a compara-
272ble performance. Note that the problem in (26) can also be solved by Algorithm 1 in an iterative
273manner. However, in the following, we will show that the optimal ZF TPC can actually be more
274efficiently obtained by solving a linear problem.
275Given that the MUI has been totally eliminated by the ZF TPC, the MSE in (13) can be simpli-
276fied to

MSE0
k ¼ u2�2k

u2�2k þ �2k
: (27)

277Note that the optimal solution to the problem produces the same MSE between the received
278and transmitted signals for all users, i.e., at the optimal point, we have

MSE0
k ¼ MSE0

l 8k ; l : (28)

279The detailed proof is given in Appendix. Consequently, we can focus our attention on the situa-
280tion, where all users' MSE is equal to a common value.
281Then, from (27) and (28), we obtain

�k
�k

¼ �l
�l

¼ �̂ 8k ; l (29)

282where �̂ is a new variable. In this case, we have G ¼ �̂S, where S ¼ ½�1; . . . ; �M �T. Additionally,
283the MSE can be expressed as

MSE0
k ¼ u2

u2�̂2 þ 1
; k ¼ 1; . . . ;M : (30)

284Based on (25), the general structure of the ZF TPC can be expressed as

WZF ¼ �̂HydiagfSg þ ðIN � HyHÞB: (31)

285Consequently, we can transform the original optimization problem of (26) into

min
B;�̂

u2

u2�̂2 þ 1
s:t: �̂HydiagfSg þ ðIN � HyHÞB� �T

en
��� ���

1
⩽p0

n; n ¼ 1; . . . ;N : (32)

286Now, the minimax ZF TPC problem reduces to a single minimization problem over the new vari-
287ables �̂ and B. Since we have �̂ > 0 and the objective function in (32) is monotonically decreas-
288ing with �̂, (32) is equivalent to

max
B;�̂

�̂ s:t: �̂HydiagfSg þ ðIN � HyHÞB� �T
en

��� ���
1
⩽p0

n; n ¼ 1; . . . ;N: (33)

289Similar to the optimal TPC design of Section 3.1, we can equivalently rewrite the optical
290power constraints as

�d � vec �̂HydiagfSg þ ðIN � HyHÞB� �T
 �
� d; Vd � p0 (34)

291where the auxiliary variable d is a real-valued vector with size MN and V ¼ IN � 1T. Since we have

vec �̂HydiagfSg� �T
 �
¼ �̂vec HydiagfSg� �T
 �

vec ðIN � HyHÞB� �T
 �
¼ ðIN � HyHÞ � IM
� �

vecðBTÞ (35)

292the optical power constraints can be reformulated as

�d � �̂fþ Ub � d; Vd � p0 (36)

Vol. 7, No. 4, August 2015 Page 9

IEEE Photonics Journal MU-MISO Transceiver Design for Downlink VLC



293where b ¼ vecðBTÞ, whereas f and U are defined as

f ¼ vec HydiagfSg� �T
 �
; U ¼ IN � HyH

� �� IM : (37)

294Therefore, the ZF TPC design problem can be restated as

max
b;d;�̂

�̂ s:t: � d � �̂fþ Ub � d; Vd � p0: (38)

295The above problem is a linear programming problem, which can be efficiently solved by diverse
296mature methods, such as the simplex algorithm of [26]. Let ð�	;b	Þ represent the optimal solution of
297(38). Consequently, the optimal ZF TPC, which is denoted by W	, is given by

W	
ZF ¼ �̂	HydiagfSg þ ðI� HyHÞB	 (39)

298where B	 is related to b	 through
B	 ¼ ½T1b	; . . . ;Tkb	; . . . ;TNb	� (40)

299and Tk ¼ IN � eTk . In contrast to the optimal TPC design of Section 3.1, the simplified ZF TPC
300design only has to solve a linear problem instead of solving a sequence of nonlinear convex prob-
301lems, thus imposing a substantially reduced complexity.

3024. Numerical Results and Discussion
303Our numerical results are presented in this section for characterizing the performance of the pro-
304posed VLC designs. Note that in contrast to the mobile RF fading channels, the VLC channels
305are often static, as long as the positions of the users are fixed on the receiver plane. Therefore,
306we commence by considering the scenario in which the user terminals are stationary. The MU-
307MISO indoor VLC system shown in Fig. 3 consists of nine LED arrays installed uniformly on the
308ceiling and a number of user terminals on the receiver plane, which is 2.3 m away from the
309ceiling. In order to provide uniform brightness in the room, the average optical power of each
310LED array is set to be identical as pn ¼ p 8n, and the range of p in our numerical results is 5 

31115 dBW, which corresponds to 3.16 
 31.6 W. In this case, a single LED of the LED array will
312operate in the range of 0.88 
 8.8 mW, which can be readily achieved by the existing LED
313products, such as GaN-based LEDs [27], [28]. Furthermore, without loss of generality, we
314assume that the maximum affordable optical power pmax is sufficiently high for ensuring that

Fig. 3. Multiuser MISO indoor VLC system.
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315pmax � pn � pn. Thus, p0
n ¼ minfpn; pmax � png ¼ pn ¼ p. The per-LED optical power constraints

316become kWTenk1 ⩽ p0
n ¼ p; n ¼ 1; . . . ;N . The variance of the noise, and the relevant parameters

317are set according to [21]. The other parameters used in the VLC system are specified in Table 1.

3184.1. Performance Analysis for Stationary Locations
319We first consider M ¼ 8 stationary user terminals distributed across the receiver plane, whose
320coordinates and relative horizontal locations with respect to the LED arrays are presented in
321Fig. 4. The proposed transceiver designs and the traditional pseudo-inverse based ZF trans-
322ceiver (including a pseudo-inverse based ZF TPC and the corresponding receiver coefficient)
323techniques are used in this multiuser VLC system. We characterize their MSE and BER perfor-
324mance in Fig. 5, where we observe that the optimal transceiver design achieves the best perfor-
325mance. The simplified transceiver design relying on the optimal ZF TPC provides a better
326performance than the suboptimal pseudo-inverse based ZF transceiver, which indicates that the
327traditional pseudo-inverse based ZF TPC directly transplanted from classic RF communication
328is unsuitable for VLC systems.

3294.2. Performance Analysis for Random Locations
330Next, we assume that the users are randomly and uniformly distributed across the receiver
331plane and investigate the average performance of different transceiver designs. Due to the in-
332tensity modulation employed, the VLC channels will be highly correlated if two users are located

TABLE 1

Parameters of the MU-MISO indoor VLC system

Fig. 4. Distribution of user terminals on the receiver plane.
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333close to each other. We assume that the distance between two users is no less than a minimum
334distance of d , say d ¼ 0:5 m. This assumption is reasonable in a multiuser scenario, because
335the users are generally dispersed across the room. Moreover, appropriate scheduling algorithms
336can be used for selecting the active user group satisfying the minimum distance requirement
337[29], [30]. We will first consider the influence of the number of users at a given d and then study
338the impact of the minimum user-distance d .
339Fig. 6 displays the relationship between the average MSE and the number of users associ-
340ated with p ¼ 10 W and d ¼ 0:5 m. Observe in Fig. 6 that the proposed simplified transceiver
341still outperforms the traditional pseudo-inverse based ZF transceiver, especially for M G 7 users.
342The proposed simplified transceiver tends to approach the optimal performance, as the number
343of users decreases. On the other hand, the performance of the ZF TPC gradually deviates from
344the optimal performance upon increasing the number of users, which indicates that the trans-
345ceiver schemes incorporating the ZF TPC perform noticeably worse than the optimal transceiver
346for M > 5 users.
347In Fig. 7, we portray the average BER at different average optical powers for M ¼ 3 and 7
348users. We can clearly observe for M ¼ 3 users that the proposed simplified transceiver exhibits

Fig. 5. Performance of the MU-MISO VLC system supporting M ¼ 8 user terminals in fixed positions.
(a) MSE at different optical power p. (b) BER at different optical power p.

Fig. 6. Average MSE versus the number of users.
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349a performance loss compared to the optimal transceiver but provides a much better perfor-
350mance than the pseudo-inverse based ZF transceiver. However, when there are M ¼ 7 users,
351the performance gap between the optimal and the ZF transceivers becomes significant, which is
352in line with the above conclusions of Fig. 6.
353Furthermore, in Fig. 8 we will investigate the impact of the minimum user-distance d on the
354average performance of multiuser systems. As mentioned above, the VLC channel's correlation
355is directly related to the distance between user terminals. In addition, since the LED arrays are
356generally spread uniformly across the ceiling to provide uniform indoor illumination, the more
357widely the user terminals are spread across the room, the higher the spatial multiplexing gain
358becomes. Naturally, the minimum user-distance d reflects the distance distribution of user termi-
359nals on the receiver plane. Therefore, we can anticipate that a better performance will be
360achieved for multiuser systems associated with a larger d .
361The average MSE versus d recorded for M ¼ 5 users and p ¼ 10 W is shown in Fig. 8, where
362we observe that the average MSE of all the transceiver schemes is reduced upon increasing
363the minimum user-distance d , which is consistent with the above analysis. We can also observe

Fig. 7. Average BER performance with M ¼ 3 and 7 users.

Fig. 8. Average MSE as a function of d for M ¼ 5 user terminals and p ¼ 10 W.
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364from Fig. 8 that the performance of the proposed simplified transceiver tends to approach the
365performance of the optimal transceiver, as the minimum user-distance d increases.
366We present the average BER of our multiuser system versus d in Fig. 9, which is sig-
367nificantly reduced upon increasing d from 0.3 m to 0.7 m. At a BER of 10�4, the proposed
368simplified transceiver requires 5 dB more optical power than the optimal transceiver for
369d ¼ 0:3 m, but only 2.5 dB more for d ¼ 0:7 m. Thus, the performance gap between the optimal
370and the simplified transceivers has been substantially decreased upon increasing the minimum
371user-distance d .

3725. Conclusion
373New MU-MISO VLC systems were designed for suppressing the MUI, while offering stable illu-
374mination. Under specific per-LED optical power constraints, we first conceived the optimal trans-
375ceiver, then proposed a simplified transceiver relying on a ZF TPC. Our results have shown that
376as expected, the optimal transceiver achieves the best performance. The proposed simplified
377transceiver outperforms the traditional pseudo-inverse based ZF TPC transplanted from RF
378communication, which indicates that the pseudo-inverse based TPC is suboptimal under the
379per-LED optical power constraints of VLC. When the number of users decreases or when they
380are more widely dispersed across the receiver plane, the performance of the simplified trans-
381ceiver tends to approach that of the optimal transceiver.

382Appendix
383Proof of the Same Received MSE
384In order prove this, let us assume that there is a ZF TPC W ¼ ½w1; . . .wM � satisfying the con-
385straints in (26), where we have HW ¼ diagf�1; . . . ; �Mg, with MSEk representing the MSE of the
386k th user relying on the precoder W and MSEmax ¼ maxfMSEk ; k ¼ 1; . . . ;Mg. Then, we have the
387following properties.
388· If the optical power constraints are non-identical, i.e., we have kWenk1 G pn 8n, we can
389always construct a new TPC 	W associated with 	 ¼ maxnfpn=kWenk1g > 1, in order to
390achieve a lower MSE than W.
391· If there exists a user whose MSE is not equal to MSEmax, we can always find another TPC that
392outperforms W. Without loss of generality, let us assume MSEm¼MSEmax. Consider the TPC
393W

0 ¼½
1w1; . . . ; 
kwk ; . . . 
MwM� with 
k ¼ð�m�k Þ=ð�m�k Þ. In this case, we have HW
0 ¼diagf�m�1=

394�m; . . . �m�k=�m; . . . �m�M=�mg. Hence, MSE
0
1 . . .¼MSE

0
k ¼ . . .¼MSE

0
M ¼MSEm¼MSEmax, where

Fig. 9. Average BER as a function of p for d ¼ 0:3 m and d ¼ 0:7 m.
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395MSE
0
k denotes the MSE associated with the TPC W

0
. Then, it follows from (27) that we have

396
k � 1 and the equality holds if and only if MSEk ¼ MSEmax. Thus, if MSEk G MSEmax, then
397
k G 1, implying that kW0

enk1 G kWenk1 � pn 8n. In this case, the optical power constraints
398are strictly unequal for W

0
, and W

0
can be scaled proportionally to obtain a lower MSE than

399that of W.
400From the above properties, we can conclude that the optimal solution to the problem of (26) pro-
401duces the same MSE between the legitimate transmitted and received signals of the users.
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