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M-PAM Joint Optimal Waveform Design for
Multiuser VLC Systems Over ISI Channels

Jie Lian

Abstract—Visible light communication is a candidate technique
to provide high-speed data transmissions. This paper proposes a
joint optimal waveform design algorithm for visible light commu-
nication systems using M -ary pulse amplitude modulation to sup-
port multiple users. Transmitted waveforms and minimum mean
squared error filters are jointly optimized to minimize the inter-
symbol and multiple access interferences. Based on different chan-
nel conditions, the designed waveforms and modulation constella-
tion sizes can be adaptively adjusted to guarantee the highest bit
rates. Channel uncertainty is also considered in this paper. Com-
pared with optical code division multiple access and time division
multiple access, the algorithm proposed can provide higher bit
rates. In addition, the proposed algorithm can flexibly adjust the
illumination level by changing the optimization constraints. An of-
fline waveform design algorithm is then proposed to diminish the
optimization computation time. A waveform lookup table can be
established offline in advance, and the proper waveforms can be
selected from the table based on the actual channel gains in real
time. The performance of the offline algorithm can be estimated
by using the channel uncertainty model.

Index Terms—Dimming control, equalization, intersymbol inter-
ference, joint optimization, M-PAM, multiple access interference,
offline design, precoding, visible light communications, waveform
design.

I. INTRODUCTION

ITH the rapid development of wireless applications,
Wconventional radio frequency (RF) communications
cannot meet the increasing requirements of high-speed wireless
data transmission [1]. The congested RF spectrum and regulated
RF band usage limit the development of RF communications.
Therefore, an alternative wireless high-speed communications
method is needed. Visible light communications (VLC) is a
promising solution to provide high-speed wireless data trans-
mission [2], [3]. Light emitting diodes (LEDs) that work as
transmitters in VLC systems have many advantages, such as
simple modulation, high power efficiency (dual system: illu-
mination and communication) and high security. This paper
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proposes a high-speed multiuser VLC system that can be used
to augment or replace the downlink portion of a Wi-Fi system.

Intersymbol interference (ISI) is one of the biggest challenges
for high-speed data transmissions. The slow rise-time of lighting
LEDs and multi-path propagation are two factors leading to
ISL. For indoor VLC systems, multi-path propagation comes
from reflections of the light from the ceiling, walls, furniture
and other reflective surfaces and limits systems operating at
bandwidth above 100 MHz [4]. The 3 dB modulation bandwidth
of commercial lighting LEDs is limited to a few tens of MHz [5].
Thus, the bandlimited LED is the dominant factor to introduce
ISL

Equalization that can be realized by either hardware or soft-
ware is an attractive solution to mitigate ISI and obtain a high
data rate. Some researchers have proposed a pre-equalization
circuit to increase the data rate and have achieved up to 340 Mb/s
transmission using on-off keying (OOK) with a bit error rate
(BER) of 2 x 1073 [6]. Using red-green-blue LEDs and a hard-
ware equalization circuit, Gb/s data rate can be achieved [5].
As for software equalizers, the zero forcing (ZF) algorithm is
a popular signal processing method to mitigate the effects of
ISI in RF communications [7], [8]. ZF has also been applied in
optical wireless communications [9]. A least mean squared er-
ror equalizer using a training sequence for indoor VLC systems
was proposed in [10], and both linear and decision feedback
equalizers were discussed.

A high bandwidth efficiency modulation, such as M -ary pulse
amplitude modulation (M-PAM) is a good choice to provide a
high-speed connection for VLC systems since the light emit-
ted from the LEDs is non-coherent, and intensity modulation
should be used. Using M-PAM, a (log, M )-fold increase in the
data rate compared to OOK can be achieved. Recently, an adap-
tive M-PAM scheme was proposed to provide a higher data rate
for multiuser VLC systems [11]-[15]. Instead, orthogonal fre-
quency division multiplexing (OFDM) can be used to increase
the data rate while combating ISI [16], [17]. However, optical
OFDM systems experience a relatively high peak to average
power ratio (PAPR) that can result in a severe nonlinear distor-
tion of the transmitted signals because of the LED peak trans-
mitted power constraint. Researchers have shown that M-PAM
with equalization can provide better performance than OFDM
for VLC systems [13], [18].

Another important research topic in indoor VLC is how to
choose a multiple access technique. Multiple access interfer-
ence (MAI) can be a factor limiting the throughput of multiuser
systems. Time division multiple access (TDMA) is one approach
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that can be used due to its small operational complexity [19],
[20]. A space division multiple access (SDMA) technique using
angular diversity of the transmitters to support and separate mul-
tiple users in indoor VLC environments was proposed in [21],
but the bandlimited characteristic of the LEDs was not con-
sidered. Recently, we proposed an optical code division mul-
tiple access (OCDMA) indoor VLC system using a resource
allocation algorithm to support multiple users and reduce the
MALI [22].

In this paper, both problems, high-speed transmission and
multiple access, are solved by using a joint optimal waveform
(JOW) design algorithm for multiple input single output (MISO)
multiuser systems. The authors recently proposed a waveform
design algorithm in [23], yet MAI was not considered. In the
current paper, this idea is expanded to design waveforms capable
of reducing both ISI and MAL In this system, unique waveform
designs and minimum mean squared squared error (MMSE) fil-
ters for different users are optimized jointly. In addition, to
achieve a high data rate, an M-PAM modulation scheme is
applied.

In this work, the proposed JOWs have two functions: separat-
ing users and reducing ISI. Similar to OCDMA, the proposed
JOWs are discrete time sequences that are unique to users. But
superior to OCDMA, JOWSs combat ISI and MAI simultane-
ously, and can be adaptively redesigned when the channel state
changes. The JOWs can be optimized for different transmit-
ted symbol rates by maximizing the signal to interference plus
noise ratio (SINR). For a fixed required bit error rate (BER), by
changing the JOW and M -ary modulation constellation size, the
maximum data rate can be found. The JOWSs can be designed to
allow dimming of the light by changing the illumination level,
determined by the average waveform power. However, the il-
lumination level is difficult to change in OCDMA or TDMA.
Shadowing and light reflection from surrounding moving ob-
jects can cause channel estimation errors, which add uncertainty
to the channel state information (CSI). In this paper, the uncer-
tainty is taken into account by modeling the assumed channel
impulse response error as an additive Gaussian random process
[24], [25].

To address the real-time computational complexity of per-
forming the requisite optimization, an off-line waveform design
algorithm using a pre-established waveform table is then pro-
posed. In practice, the proper waveforms can be selected from
the table based on the actual channel gains. The performance
of the off-line algorithm can be estimated by using the channel
uncertainty model.

The remainder of the paper is organized as follows. The indoor
channel model is described in Section II. In Section III, the
M-PAM joint optimal waveform design algorithm is derived.
Numerical results are discussed in Section IV. The paper is
concluded in Section V.

II. CHANNEL MODEL

In a typical indoor VLC system, LEDs are used to transmit
data and illuminate the indoor area at the same time. Since
the light from the LEDs is non-coherent, intensity modulation
and direct detection (IM/DD) are employed. Considering the
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Fig. 1. Discrete time version of a truncated LED response.
multipath propagation in the indoor channel and bandwidth limit
of the LEDs, the optical link can experience severe ISI.

In this paper, we assume there are () LED lamps and K users
with one photodetector (PD) per user receiving signals, and each
lamp serves to transmit downlink signals to all the users. In this
work, the bandwidth of the indoor channel is limited by the LED
rise time [26]. Therefore, the overall channel impulse response
from LED gq to user k can be modeled as

q= 13"'3Q
hqr () = ggrhu(2), k=1 K (6]

3

where h;(t) is the impulse response of the LEDs, which can
be modeled as a lowpass filter. The impulse response of all
LEDs is assumed to be the same. gy is the LOS channel gain
from LED g to user k, which can be calculated as in [27, Eq.
(D] hyx = (hgr[1], hgr[2], - - -, hgr[Ln])T represents the dis-
crete time version of the truncated channel impulse response
from LED gq to user k.

Fig. 1 shows an example of a truncated channel impulse re-
sponse that lasts T}, seconds. T, represents the sampling period,
which can be represented as 7. = 1/R,., where R, is the sam-
pling rate. The length of the discrete time truncated channel
impulse response can be calculated as Ly, = T} /T,.

In this paper, the channel impulse response with uncertainty
from LED gq to user k is modeled as

ok = Dgr + Ahgg, (2)

where Ahgy = (Ahgi[1], Ahg[2], ..., Ay [Ly])T is the un-
certainty in modeling the channel impulse response. As often
done in literature [24], [25], the elements in Al are assumed
to be independent of each other and modeled as Gaussian ran-
dom variables with zero mean and variance o2.

Since lighting LEDs used in this paper are narrow bandwidth
devices, for a small indoor space the time difference between
the signal received by different LEDs is short compared to the
dispersive LED response, and can be neglected. For a larger
room, the channel gains from the farther LEDs are weaker than
that of the closer ones. The average magnitude error between
the actual impulse response and the model in (1) is less than 6%
for our simulation scenario. In this paper we assume the channel
model is as in (1) and include such errors as channel uncertainty
according to (2).
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Fig. 2. Block diagram of the transmitters for the proposed M-PAM joint
optimal waveform design system.
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Fig. 3. Block diagram of the proposed receiver.

III. M-PAM JOINT OPTIMAL WAVEFORM DESIGN
A. Transmitted and Received Signals

A block diagram of the proposed M-PAM joint optimal wave-
form design system is shown in Fig. 2. The designed transmit-
ted waveform and MMSE filter for different users are jointly
optimized. After M-PAM modulation, the M-ary amplitude
symbol stream for user k at time instant ¢ can be represented
as sg[i] € {0, 3=, 3=, --» 1}, and each symbol carries
logy M), bits, where M is the modulation constellation size
for user k. si[z] is assumed to be uniformly distributed. After
the waveform design, the transmitted sequence from LED g can

be represented as

(s 4]

Z

[Z]qu - iLf]a (3)

where f1 = (for (1], (2], .- -, far[Ls])T is the designed
waveform for LED ¢ and user k. Ly is the number of sam-
ples used to represent the waveform. The channel gain from
each LED to each user could be different, and the waveform for
each LED and user is unique.

As shown in Fig. 3, after low pass filtering and sampling at
the receiver using sampling rate R,, the received signal for user
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k can be represented as

ZZ zg[m + jlhge[—4] + melm]. (@)

g=1j=—00

T, [m] =

After applying the MMSE filter, the received signal for user k
can be written in matrix form as
Q
=wi Y Hux, + wing + by, )
g=1

Y [1]

where the MMSE filter for user % is represented by wi =
(wi[1],wx[2], ..., wg[Ly])T with length L,,. by is a constant
needed for the MMSE estimator due to the nonzero mean of
the transmitted signals [28]. n = (ng[1],nx[2],. .., nx[Ly])T
is the additive Gaussian noise for user k with zero mean and
variance o2 = Ny R,, where Ny is the noise spectral density.
H,;. is a Toeplitz matrix that can be represented as

T

L,—1 L,—1
):' .. :hqk:- . SR(hqk:T)) 1 (6)

Hoe = (Suthon 25—
where Sp (x,m) and Sg(x,m) are two functions that operate
as m circular shifts on x, to the left and right, respectively.

The vector of transmitted samples that affect yi[m] is
denoted x; = (z4[—Ny], ..., z4[0], ..., 24[N:])T. Ny + Ny +
1 = Ly, where L;, describes the length of successive samples
that overlap and cause ISI. N; and N, represent past and future
samples that contribute to ISI, respectively as shown in Fig. 1.
From (3), the mth element of the vector x,; can be calculated as
>k se[lm/Lg|] for[mod(m, L¢)], where |m/Ly| represents
the largest integer less than m /L, which is the number of suc-
cessive M-PAM data that overlap causing ISI, and mod(m, L)
is the remainder of |m /Ly |.

B. Waveform Design Algorithm with Imperfect CSI

For the JOW algorithm proposed in this paper, the CSI must
be known at the transmitters. However, in practice, CSI cannot
be estimated perfectly. To account for the imperfect CSI, the
imperfect channel model hy; is substituted for hgy. in (5). The
received signal for user k after the MMSE filter with channel
uncertainty can be represented as

Q
=wi Y (Hgr + AHgi)xg + wWing + b,  (7)
g=1

Y [i]

which consists of four parts: the target (intended data) for user £,
the uncertainty caused by the imperfect CSI, the ISI plus MAI,
and the noise. AH,;. represents the additive channel uncertainty
matrix, which can be obtained by

AH,;
(SL (Ahqk: 7-‘1) PR '.!Ahqka' s SR

L, —1\\"
Ah .
(28075
®)
The MMSE filter for each user can be obtained using simple

signal manipulation, as shown in the appendix. Using this re-
ceiver filter given in (27), the signal to interference plus noise
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ratio (SINR) for user k can be calculated as in [29],

Signal
SINRy = Uncertainty + ISI + MAI + Noise’ ©)
where
. 2My — 1
Signal = &3, —6
Q Q
Uncertainty = crg wf Z Z Ygp Wk, (10)
g=1p=1

Noise = o2 Wr Wy, (11)

Q Q
ISI+MAL=wi > > Hy X, Hl wy
g=1p=1

oM, — 1

Q
T
— 2Wk Zqueq —+ —6ﬂ,_fk 6

q=1

Q
—2bwi > Hym, —be +5,  (12)
g=1
where ¥,,, e, and m, are also given in the appendix.

From (9), F = (F,,Fy,...,Fg), M=(M;, M,, ..., M)
and R, are the only variables needed to find the SINR;,, where
F, = (f51,150, ..., f;x ). We denote SINR;. = v (F, M, R,.).
Then, for M-PAM modulation, the BER for user k can be ap-
proximated by [30]

o M—1 [ (F, M, R.) )
BER« ~ o1 log, Mj erfe ( oL -1 )0 1

where erfc(-) is the complementary error function, which is
defined as erfc(z) = 7277 [ e’ du.

For different data rates, the waveform design algorithm can
adaptively adjust the waveforms for each user to minimize the
ISI. For a fixed data rate and modulation constellation size, the
optimal waveforms can be obtained by maximizing the mini-
mum SINR of all the users, through which each user can achieve
a fair performance. The optimization cost function is

F* = argmg.xn‘iin’yk(F, M) RC): (14)

where F* is the optimal value for F. When optimizing the wave-
forms, a peak transmitted power constraint must be considered,
which can be represented as
K
v i’: k and Q)Z qu[i] = Pmax: and qu[’j}] = 01
k=1

(15)

where P™* represents the peak LED transmitted power. Af-
ter the optimization process (finding the optimal waveforms in
(14)), the SINR for all the users is similar.

The transmitted data rate for user k can be calculated as

R™ = R.(logy My)/Ly, (16)

where the sampling rate, R, for each user is assumed to be
the same. R./L; represents the transmitted symbol rate. The
maximum data rate for each user is constrained by the required
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Algorithm 1: Optimal waveforms and the highest data
rate.

Initialize: R, Ly;

repeat
for (Each user, k) do
while (Increase modulation size M) do
while (Constraint in (17) is satisfied) do

Initialization for GA;

Generate random waveforms as

individuals (1st Gen);

repeat
Evaluate the SINR, v« (F, M, R});
Select the candidate waveforms by
checking constraint (15);
Match, mutate and crossover;
Generate the next generation of
waveforms;

until v, converges;

Get F*, solution to (14);

Calculate BER using (13);
Calculate R using (16);

end
end

end
Increase R.;

until ng) converges;,
Output: The maximum Rt(,k), optimal M, and F*

BER, B™*_ since the communication quality needs to be taken
into account. For a fixed SINR, the modulation constellation size
determines the BER and the transmitted data rate. Therefore, to
maximize the data rate for each user, the following problem
needs to be solved:

M; =max My, Yk=1,...,K
M, —1

— /wk(F*,M,Rc)) U
st ﬂfkloggﬁfkerfc( oL -1 ) <B

where M is the optimal value for M}, to maximize the through-
put for user k.

The steps for solving (17) and getting the optimal waveforms
are described in Algorithm 1. The genetic algorithm (GA),
which is a powerful heuristic searching method, is used for
finding the optimal waveforms [31].

C. Illumination and Dimming Control

For VLC systems, illumination control is an important con-
sideration. The transmitted optical power can provide wireless
access as well as illumination. The maximum illumination level
in the room depends on the peak transmitted power and the illu-
mination potential, defined as the ratio of the average transmitted
power to the peak LED power. For this work, the illumination
potential using JOW can be represented as

Q K Ly

1
nr = mzzz.ﬁgk[l]-

g=1k=11=1

(18)



3476

The coefficient 1/2 comes from the uniform distribution of sy [i].

In the optimization process, 17; can be used as an optimiza-
tion constraint and adjusted to satisfy the specific illumination
requirements by changing the values of waveforms. The illumi-
nation level can be controlled by finding the optimal waveform
as shown in Algorithm 1, inserting (18) as an additional con-
straint.

For OCDMA, the illumination potential is fixed, and depends
on the codewords. The illumination potential using optical or-
thogonal codes (OOC) as waveforms in an OCDMA system can
be calculated as

W/2L,, K<W
ne =

, 19
K>W (19

K/2Le,
where W is the weight for the OCDMA codeword, and L, is
the length of the code. Therefore, if a certain OCDMA code is
selected, for a certain number of active users, the illumination
potential of using OCDMA cannot be changed. JOW has a
more flexible illumination potential than OCDMA due to the
optimally designed waveforms. When using the proposed JOW
algorithm in indoor VLC systems, the illumination level can be
adjusted by designing for a specific illumination potential.

For TDMA, only one user is served per time slot, and the
data for each user can be sent directly. Barring any DC offset,
the illumination potential for TDMA is a constant, which can
be represented as iy = 1/2. Compared with JOW, we can state
that TDMA is at least as power efficient as JOW, i.e., ; < 7.

D. Off-Line Waveform Design

The proposed waveform design algorithm is a time consum-
ing process due to the non-linear and non-convex optimization.
In this section, we propose an off-line solution to make the sys-
tem adapt in real-time. In the off-line method, the waveforms
for multiple users are calculated in advance. Given the num-
ber of lamps in the space, tables of the waveforms for different
numbers of users and channel gains can be created. In typical
VLC systems, only a few users can be served by any one lamp.
In practice, depending on the number of users and the channel
gains, the proper waveforms for the users can be selected from
the pre-established tables.

Since we assume than the LED impulse response, h; (%), can
be estimated perfectly, the only factors that can affect the off-
line solution’s performance are the channel gains. The more
channel gain choices that are used to create the table, the better
the performance the off-line waveforms algorithm can achieve.
One table is created for each possible value of K. The candidate
channel gains that are used to create the table can be represented
as a matrix

H11 Hi2 Hik
Ha1 Ho2 ...  Hog
Uk = . . . . ) (20
MLyl HLp2 KLy K

where each row represents one set of candidate channel gains
for the K users in the table. Ly is the number of sets of channel
gains, which decides the size of the table. To create the table,
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TABLE 1
PARAMETERS USED FOR SMALL INDOOR ENVIRONMENT

Size of the small room S5mxS5mx3m
Number of LEDs, @ 4

Locations of the lamps (m) (1.25,1.25,3),(1.25,3.75,3)
(3.75,1.25,3),(3.75,3.75,3)
(1.0,2.2,0.8), (1.5,1.5,0.8)
(2.5,3.4,0.8), (4.3,2.5,0.8)
(4.0,2.1,0.8), (3.3,2.6,0.8)

Locations of the users (m)

(2.2,1.8,0.8)
Responsivity 0.5 A/W
Area of the photodetector 0.01 cm?
Radiated optical power per lamp 3 W
LED semiangle 60°
Noise spectral density 1x 1077 mW/Hz
3 dB bandwidth of LEDs 20 MHz
Modulation constellation size 2,4,8,16
BER requirement, B™* 1074

pix can be used to replace g, ¥ g in (1). Then, the waveform
lookup table can be created by using the proposed algorithm in
this paper.

During operation, the table corresponding to the number of
active users K is first selected. Then, based on the real estimated
channel gains for the multiple users, the proper waveforms can
be selected by using the following criterion

K
" . 2
i’q = argmx_mz (.Uax'k - qu) ’ k4 q,
k=1

21
where i; is the index of the channel gains selected for LED g. The
performance of the off-line algorithm is essentially equivalent
to a channel uncertainty with

X
1
oh =3¢ 2 (pirk — g™ (22)
k=1

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, numerical results of the performance of the
proposed system are shown. Unless otherwise noted, the param-
eters used to obtain the numerical results are shown in Table I.
The locations of the users in Table I are randomly chosen, the
channel gains of which are computed using [27, Eq. (1)], using
the parameters shown in Table I. The parameters used in this
paper, such as the room dimension and locations of the LEDs,
are typical for indoor spaces, and often used as a benchmark
scenario in VLC research literature [2], [4], [32]. For the ge-
netic algorithm, 50 random initial individuals and up to 100
generations are used for the optimization.

A. Perfect CSI

In this paper, adaptive M-PAM is used together with JOW to
enhance the transmitted data rate. Only 2, 4, 8, and 16-PAM are
considered in this work for our numerical results. The number
of samples per waveform, L, is an adjustable parameter, which
needs to be sufficiently large to reduce the ISI and MAL Fig. 4
shows numerical results of the optimized data rate with differ-
ent numbers of samples per waveform to satisfy a BER = 104
using M-PAM. The three users are located according to the first
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Fig. 4. Transmitted data rate for different numbers of samples per waveform
for 3 users, with no 1 constraint.

three entries of Table I. In general, as the number of samples
per waveform increases, a higher data rate can be supported by
using M-PAM. In this figure, the bit rate plateaus, as the ability
of the algorithm to reduce ISI and MAI by using waveforms
and MMSE filters is limited by the LED bandwidth, i.e., more
samples would not add more information. Thus, considering the
computational cost and design complexity, the optimal number
of samples per waveform is 11 for this case. For LEDs with a dif-
ferent bandwidth, the optimal number of samples per waveform
may vary.

From the results in Fig. 4, 8-PAM can provide the highest data
rate compared to the other modulation schemes. Since there is
a BER constraint guaranteeing the communications quality, a
larger modulation constellation would require a higher SINR.
When the system cannot provide a high enough SINR to satisfy
the BER requirement, a lower level modulation needs to be used
or the symbol rate needs to be reduced. For 16-PAM to satisfy
the BER requirement, the transmitted symbol rate is sacrificed
so that the bit rate is lower than for 8-PAM. We envision an
adaptive procedure that adjusts the constellation size depending
on the channel quality and received SINR.

More users can introduce more MAL Fig. 5 shows the SINR
for up to 7 users. The channel gains for these 7 users are calcu-
lated by using the parameters shown in Table L. If the number
of users K exceeds the number of samples per waveform Ly,
the MAI dominates over the ISI. In Fig. 5 the numerical results
show that the SINR drops sharply when K is larger than Ly,
and the system enters the MAI limited region. For example,
when Ly = 3, the degrees of freedom in the waveform design
per user is 3, which is enough for three users but not more.
Depending on the number of active users in this room, we can
select Ly = K samples per waveform, maintaining an accept-
able performance as the number of users increases, as shown in
the figure. This flexibility and high SINR comes at the cost of
increased computation.

The illumination potential is shown in Fig. 6. From the result,
TDMA has the highest illumination potential since it only serves
one user per time slot. The illumination potential using TDMA
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Number of users, K

Fig.5. SINR for different users using 8-PAM, with no 77; constraint.
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Fig. 6. Illumination potential for different numbers of users.

is the expected value of the data, which is the maximum achiev-
able. OCDMA and JOW follow a similar principle to support
multiple users. Depending on the codewords or waveforms, the
power efficiencies for illumination of OCDMA and JOW are
different. For OCDMA, this illumination potential increases as
the number of users increases. Eventually, when the number of
active users is equal to the length of the selected OCDMA code,
the illumination potential for OCDMA can reach its maximum
value since the value of the sum of the unmodulated codewords
is Pma%_In Fig. 6, when the number of users is lower than 7,
a O0C code with length L. = 7 is enough. However, when the
number of users is greater than 7, alength L. = 13 OOC code is
needed, since the length 7 OOC code cannot support that many
users. A longer code length has a lower illumination potential
for OCDMA. Comparing OCDMA and JOW, JOW can provide
higher illumination potentials for most cases, and the illumina-
tion potential of JOW can achieve 80% of the maximum value
for the parameters considered.

Fig. 7 shows numerical results of SINR for JOW, OCDMA
and TDMA techniques. The first 3 users in Table I are used.
In this result, n; is added to Algorithm 1 as an optimization
constraint for JOW. For OCDMA and TDMA, 7 and nr are
fixed. For both OCDMA and TDMA, MMSE filters are applied
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Fig. 7. SINR comparison of JOW, OCDMA and TDMA for 3 users using
8-PAM. Peak power is fixed.

TABLEII
MAXIMUM DATA RATES USING M-PAM AVERAGED OVER 3 USERS,
PARAMETERS FROM TABLE I

Data rate (Mbps) 2-PAM  4-PAM  8-PAM  16-PAM
No ISI, ideal channel (532) 476 403 352
JOW, L; =7 51 180 (189) 112
OCDMA, L. =7 T8 121 37 (16d)
No-equalization 24 a4 61 (69)

at the receivers. For the same transmitted symbol rate, JOW has
a higher SINR than TDMA and OCDMA since the optimized
waveforms can reduce ISI and MAI together with the MMSE
filter. Since there is no MAI for TDMA, the SINR for TDMA is
higher than OCDMA. When the JOW has the same illumination
potential as OCDMA, the SINR for JOW is greater than for
OCDMA.

Since a higher modulation level requires a higher SINR to
satisfy the communication quality (BER requirement), a larger
modulation constellation size cannot always provide a higher
data transmission rate. In Table II, numerical results for the
maximum data rate with different modulation constellation sizes
are shown using the parameters in Table 1. 2-PAM can provide
the highest data rate for the ideal channel. Since there is no
ISI for the ideal channel (MAI without ISI), using a higher
level modulation does not increase the throughput. For the case
where the LED bandlimit is applied but no equalization is used,
a higher level modulation can provide a higher transmission
data rate. With the help of JOW, ISI can be reduced; therefore,
the optimal modulation constellation size for JOW is 8 for this
case. OCDMA has more ISI than JOW, thus 16-PAM needs to be
used for OCDMA to achieve the maximum data rate. In general,
as the ISI increases, the optimal modulation constellation size
increases.

B. Imperfect CSI

Numerical results for the imperfect CSI case are given in
this section. To describe the impact of the channel uncertainty,
a normalized error, normalized to the squared average channel
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Fig. 8. SINR for imperfect CSI with different uncertainty variance using
8-PAM, L; = 7 and 3 users. nj = 21%.

gain, is defined as

2
Th

- 7
K
(QLK 2 k=1 E?:l qu)

[y captures the magnitude of the channel uncertainty with re-
spect to the channel gains.

Fig. 8 shows a comparison of the perfect and imperfect CSI
cases. For the imperfect CSI case, if the channel uncertainty is
known and when 3, defined in (23) is 10 dB, then there is about
a 4 dB SINR penalty compared with the perfect CSI case.

In Fig. 8, numerical results also show cases with and without
knowing the channel uncertainty information, i.e., the uncer-
tainty variance, og. From the results, the algorithm that knows
o} can obtain a higher SINR than if it does not know the vari-
ance. When (3, = 10 dB, knowing the variance can provide
about 2 dB SINR advantage over not knowing the variance.

The same method used to estimate the effect of imperfect CSI
can be used to evaluate the off-line algorithm. The difference
between gy and p;;; can be regarded as a known channel uncer-
tainty. From this results, if 3, = 10 dB, the performance of the
off-line algorithm can provide about 4 dB less SINR compared
to the regular (on-line) algorithm.

Br =

(23)

C. Computational Cost Discussions

A comparison of the computational cost between the on-line
and off-line algorithms is presented in this section. For the on-
line JOW, the computational cost is determined by the number
of variables that need to be optimized, which is K x Ly x Q.
As discussed above, Ly should be at least as large as the number
of total active users. Typical numbers for a small room would
be 3 users with 4 LED lamps, and if we choose Ly = 11, there
are 132 variables that need to be solved. Using the genetic
algorithm with 50 initial individuals and 50 generations, the
time consumption is approximately 10° seconds by using a GA
solver in MATLAB running on a PC with an Intel i5 processor
and a 2G memory.
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For the off-line JOW, alookup table needs to be established in
advance. Before looking up the waveform parameters, a proper
table should be selected based on the number of users. We
assume that the computational cost for looking up the waveform
parameters in the table can be neglected. Therefore, the storage
space for this lookup table is the only cost that needs to be taken
into account. Without any loss of generality, if we use 8 bits
for quantization, the case of K’ = 3, Ly = 11, and ) = 4 needs
only about 0.13 KB per candidate channel gain without using
any compression techniques. The more candidate channel gains
in the table, the better the performance of the off-line JOW can
achieve. For example, if the number of candidate channel gains,
Ly = 1000, only about 0.13 MB storage is used. Therefore, only
a small storage space is needed for a well-established lookup
table.

For a large room with a large number of active users and LED
lamps, the indoor area can be divided into small cells based
on the positions of users and lamps [22]. In this case, both the
on-line and off-line JOW can be applied.

V. CONCLUSION AND FUTURE WORK

In this paper, we propose a joint optimal waveform design
algorithm using an adaptive M-PAM modulation scheme to pro-
vide high data transmission rates for multiple users. In this algo-
rithm, the transmitted waveforms from each LED lamp to each
user are uniquely designed to reduce the ISI and MAIL Unlike
TDMA and OCDMA, the waveforms for JOW can be designed
as pre-equalizers and used to separate users. The waveforms
are optimized together with the MMSE filters at the receiver to
provide maximum data rates, which are higher than OCDMA
or TDMA. Using JOW the modulation constellation size can be
adaptively adjusted under different SINR conditions and BER
requirements. For a three users case, the maximum achievable
bit rate per user is 196 Mbps using the parameters given in this
paper.

The illumination level can be easily adjusted in JOW by
setting an illumination potential constraint when optimizing the
waveforms. Since the waveforms can be adaptively adjusted—
they are fixed in OCDMA and TDMA—dimming control for
JOW is more flexible than OCDMA or TDMA.

In this work, channel uncertainty and imperfect CSI cases are
discussed. In practical scenarios, the performance of JOW de-
pends on the accuracy of the channel gain estimates; the channel
uncertainty model proposed in this paper gives an estimate of the
performance penalty. From the numerical results, the algorithm
that knows the channel uncertainty variance, ag, can achieve a
higher SINR than if it does not know o2.

Since the on-line JOW is time consuming to derive, an off-
line waveform design solution is proposed. The performance of
the off-line solution can be estimated as if it were a channel
uncertainty. For the off-line JOW, the time cost for table lookup
is negligible, and only a small amount of memory is required.

In future work, hardware experiments based on an FPGA
implementation will be developed for validation to simulation
results. The experimental performance is expected to be bet-
ter than the analytical results since the channel uncertainty is
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likely to be correlated, which should result in lower error com-
pared to the independent sample-to-sample error assumed in this
paper. We plan to benchmark our experimental results as com-
pared with other modulation and multiple-access techniques.
Mobility of users will also be explored in future work. Tracking
techniques can be used to predict the channel gains that will
allow JOW to design waveforms in advance.

APPENDIX

This appendix describes the derivation of the MMSE filters
considering the channel uncertainty. The mean-squared error,
J;., for user k is defined as

Je = B and{(yr[i] — si[i])?},

where E;, an{-} represents expectation with respect to the
transmitted symbols (s, sa, . . ., six ), the noise and the channel
uncertainty, which are statistically independent. Substituting (7)
into (24), we obtain

Q @
=wi > > HuXHjw

g=1p=1

Q Q
+ Jhwk Z Z > Py,

g=1p=1

(24)

2M; —1

Q
— 2W’£ Z queq + crgw'{wk —+ w,k—_ﬁ

g=1

Q
—2bpwi Y Hgemy — by + b,
g=1

where (%) = Es{qug }. The (m, n)th element of ®(9P) can
be calculated as

Sore Bt for[u] for V]
+% Ek;«éz Ez;ék qu [u]fpz [TJ],
LK K faelulfpe o),

(25)

o) = i=j,
L F ]
(26)
where i = |[m/Ly| and j = |n/Ly|; u=mod(m, Ly) and
v=mod(n,L;). e, = E {3k[] ‘X, } and m, = E; {X,}.
Solving for g'—"h = 0 and TL = 0, the MMSE filter for user
k can be obtained as

Wi = Tk -|-021

Z Hgreq

Q

1

by = 5 — Wi Zqumq, 27)

where

Te+ orwi Z Z n(r) (28)

g=1p=1

-3 HEH

g=1p=1

and I is the identity matrix.
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