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Abstract—In this paper, we study the performance of Spatial
Modulation (SM) applied to optical wireless communications
(OWC) in indoor environments with line-of-sight (LOS) charac-
teristics. To this end, we consider setup scenarios with different
numbers of optical transmitters and receivers which are arranged
within a room. SM is compared to repetition coding (RC).
Because RC is known to achieve very good performance in OWC
systems due to the use of intensity modulation and the resulting
constructive superposition of the power signals. The results show
that SM can outperform RC when high spectral efficiencies are
desirable, e.g. 4 bit/s/Hz and greater, since it can operate with
reduced signal modulation orders by conveying additional data
bits in the spatial domain. We also demonstrate that SM benefits
from receive-diversity to a larger extent while at the same time
requiring less computational complexity. Furthermore, we give a
general framework to numerically approximate the average bit
error probability of both SM and RC.

Index Terms—optical wireless communications, modulation,
diversity, SM, repetition coding.

I. INTRODUCTION

The first pioneering studies in optical free-space transmis-

sions for indoor environments [1] have shown the potential of

optical wireless communications (OWC) to provide flexible

and efficient indoor data transmission. With the advent of

cheap and powerful light emitting diodes (LEDs), appropriate

optical transmitters are available which can be used e.g. in

home and office scenarios. As OWC transmission does not

interfere with delicate electronic systems, it can even be

applied to sensitive environments like hospitals and aircrafts.

However, like all wireless communication systems, OWC also

has to cope with the ever increasing demand for higher

data rates. Therefore, it is important to provide high spectral

efficiencies at low error ratios.

Commonly, OWC transmission schemes employ intensity

modulation of the optical carrier and direct detection at the

receiver side [2], [3]. To this end, up- and down-conversion of

the signals can be done by low-cost diodes without the need

for sophisticated high-frequency circuit designs. Most optical

wireless links use simple modulation techniques like on-off-

keying (OOK) or pulse amplitude modulation (PAM) because

they offer easy implementation. PAM provides an enhanced

spectral efficiency by using several intensity levels of the op-

tical signal in contrast to OOK which encodes information by

simply switching the device on and off. However, the provision

of enhanced spectral efficiencies by using larger constellation

sizes leads to worse bit error ratio (BER) performance. Thus,

the main drawback of simple single-input-single-output (SISO)

systems is that the achievable data rate at reasonable BER

performance is low since a high order modulation scheme is

needed. A known solution to improve the error performance of

wireless communication systems is by exploitation of diversity.

The reliability can be enhanced by using several receiving

devices, e.g. photo diodes, which enables receive-diversity.

These so called single-input-multiple-output (SIMO) methods

receive several replicas of the same transmitted signal. Hence,

an enlarged portion of the emitted power can be collected and

the multiple signal receptions can be combined to improve

the quality of the wireless link. Besides, it is possible to use

several transmit devices as well. In order to provide transmit-

diversity, repetition coding (RC) can be used which works by

the principle that the same information is sent from multiple

transmitters simultaneously. RC is known to achieve very good

performance in free-space optical communications with line-

of-sight (LOS) as the intensities coming from the multiple

transmitters constructively add up at the receiver side [4], [5].

Because of this, RC can outperform orthogonal space-time

block codes (OSTBCs) and even SIMO transmission [4].

In [6], [7] a new and promising modulation technique called

Spatial Modulation (SM) has been proposed. It has been

shown that SM can achieve high data rates while providing

good BER performance and low system complexity. Like

RC, SM employs several emitters for transmitting data. As

opposed to common modulation techniques where information

is conveyed by modulating the signal, SM additionally conveys

data bits in the spatial domain. In order to accomplish this,

SM considers the transmitter array as an additional (spatial)

constellation diagram. Unlike RC, SM works by the principle

that only one transmitter is active at any time instance. In

addition to modulating the signal, e.g. modulation of the signal

amplitude, information is also encoded in the index of the
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transmitter which emits the signal. Therefore, high spectral ef-

ficiencies can be achieved which depend not only on the signal

constellation size, but also on the number of transmitters. This

leads to a degree of freedom as both parameters can be traded

off against each other. Furthermore, SM can deal with high

channel correlation and power imbalances of wireless links [8].

As these are characteristics of optical wireless links [9], [10],

SM seems to be especially suitable for OWC.

Hence, in this paper, we apply SM to OWC in indoor

LOS environments. We compare SM and RC transmission

with regard to their BER performance for different spectral

efficiencies. Setup scenarios with different numbers of optical

transmitters and receivers are considered. Furthermore, we

give a numerical framework to calculate the respective average

bit error probability (ABEP) of both schemes.

The remainder of the paper is organized as follows: In

Section II we introduce the system model and the notations.

Section III presents the optical wireless setup from which

we derive the channel coefficients for the considered indoor

scenarios. The BER performance of SM and RC is studied in

Section IV, where numerical and simulation results are shown.

Finally, Section V concludes the paper.

II. SYSTEM MODEL

The following notations are used throughout the paper:

lower case bold symbols denote vectors and upper case

bold symbols denote matrices. We use [·]
T

for the transpose

operator, |·| for the absolute value and ‖·‖F for the Frobe-

nius norm. The signal constellation size is given by M and

dH(·, ·) denotes the Hamming distance of two bit assignments.

Q(x) = 1√
2π

∫ +∞

x
exp(−t2

2 ) dt is the Q-function. Nt is the

number of transmitters and Nr is the number of receivers,

where nt is the transmitter index and nr is the receiver index.

We assume perfect knowledge of the channel and ideal time

synchronisation at the receiver side. Channel coding is not

taken into account.

The received signal vector is given by:

y = H x + n, (1)

where x = [x1 . . . xNt
]
T

is the signal vector to be transmit-

ted. H is the Nr×Nt channel matrix. Its single elements hnrnt

represent the respective channel coefficient of the wireless link

between transmitter nt and receiver nr. Furthermore, n is the

noise, which we assume as zero mean additive white Gaussian

noise (AWGN) of power En. The detection at the receiver is

based on the maximum-likelihood (ML) principle. The ML

detector decides for the signal vector x̂ which minimises the

Euclidean distance between the actual received signal y and

all potential received signals leading to

x̂ = arg max
x

py(y|x,H) = arg min
x

‖y − H x‖
2
F , (2)

where py is the probability density function of y conditioned

on x and H.

The intensities I
PAM

m which can be used for signal modula-

tion applying M−PAM are given by

I
PAM

m = 2 I

M−1 m for m = 0, 1, . . . , (M − 1), (3)

with I being the mean optical intensity emitted. Hence,

M−PAM provides a spectral efficiency of log2(M) bit/s/Hz.

As RC works by the principle that all transmitters emit the

same signal, x1 = x2 = . . . = xNt
holds. In order to ensure

comparability, the mean optical power transmitted has to be

fixed, irrespective of the number of transmitters. Thus, for RC

transmission, the optical power is equally distributed across

all Nt emitters and the intensities given in (3) have to be

divided by factor Nt. In (4) we denote the ABEP of RC

employing M−PAM for an arbitrary Nt × Nr scenario. It

is a generalization of the common M−PAM ABEP, which

is e.g. given in [2]. At this end, Es = (r I)2 is the mean

electrical energy of the intensity modulated optical signal,

with r being the optical-to-electrical conversion coefficient.

Because in intensity modulated optical communications the

electrical energy is proportional to the square of the optical

power [3].

By using SM, the bit sequence to be transmitted is passed

to the SM encoder. As illustrated in Fig. 1, the encoder maps

the bits to the signal vector x. At any given time instance,

only one transmitter radiates optical power. This means that

only one element of x is non-zero. The index of this respective

element states the index of the transmitter (e.g. LED) which

is activated. Therefore, the emitter index depends on the bit

sequence at the encoder input. In this way, one part of the

data is transmitted. The other part of the data is conveyed

in a conventional way via PAM. This means that the non-

zero element of x is a specific signal constellation point with

intensity Im representing additional information bits. bm nt
is

the bit assignment of the signal when intensity Im is emitted

from transmitter nt. However, classical PAM must be modified

because a signal with Im = 0 cannot be used for conveying

information as in this case all elements of x would be zero

and the spatial information would be lost. As a consequence,

the intensities I
SM

m which can be used for SM are

I
SM

m = 2 I

M+1 m for m = 1, 2, . . . ,M. (5)

In the example displayed in Fig. 1, the data bits are arranged

in blocks of 4 bits leading to a spectral efficiency of 4 bit/s/Hz.

The last two bits define the transmitter index and the first

two ones the signal intensity assuming M = 4. As shown,

for instance the bit sequence “1 0 1 1” corresponds to LED

TX1

0 0 I
3

0

I
2

0 0 0

0 0 0 0

0 I
1

0 I
3

SM 

Encoder

TX2

TX3

TX4

Input bits

01 01 |00 11 |10 00 |10 11

00 TX1

01 TX2

10 TX3

11 TX4

00 I1

01 I2

10 I3

11 I4

TX1

...  0 I
3

0

...  
2

0 0 0

...  0 0 0

...  I
1

0 I
3

SM 

Encoder

TX2

TX3

TX4

Input bits

...  01 |00 11 |10 00 |10 11

00 TX1

01 TX2

10 TX3

11 TX4

00 I1

01 I2

10 I3

11 I4

Fig. 1. Illustration of SM operation providing 4 bit/s/Hz with Nt = 4.
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ABEPRC ≈
2 (M − 1)

M · log2(M)
· Q




1

M − 1
·

√√√√ Es

En N
2
t

·

Nr∑

nr=1

(
Nt∑

nt=1

hnrnt

)2

 (4)

ABEPSM ≤
1

MNt · log2 (MNt)
·

M∑

m(1)=1

Nt∑

n
(1)
t

=1

M∑

m(2)=1

Nt∑

n
(2)
t

=1

dH

(
b
m(1)n

(1)
t

, b
m(2)n

(2)
t

)
·

Q




√√√√ r2

4 En

·

Nr∑

nr=1

∣∣∣ISM

m(2) · hnrn
(2)
t

− I
SM

m(1) · hnrn
(1)
t

∣∣∣
2




(6)

number 4 emitting an optical pulse with intensity I3. At the

receiver side, the detector has to perform two detection tasks.

First, it has to estimate the index of the respective LED which

is active and second it has to decode the information encoded

in the signal from the received intensity level. Only if both the

index and the signal constellation point are detected correctly,

the bit sequence can be decoded error free. As ML detection

is assumed, both estimation tasks are jointly done by the

decoding algorithm given in (2).

According to (5), the minimum distance between two pos-

sible SM intensities is 2 I

M+1 , whereas the minimum distance

for PAM is 2 I

M−1 . The lower signal distance of SM leads to

a worse BER performance as the error probability depends

on the Euclidean distance of the transmitted signals. But

as SM conveys additional information bits in the spatial

domain, it provides a higher spectral efficiency which is

log2(M) + log2(Nt) = log2(MNt) bit/s/Hz. In other words:

SM can achieve the same efficiency as M−PAM, but with a

reduced signal constellation size of M̃ = M

Nt

, hence effectively

enlarging the distance of the signal points. In [8] and [11] it

is shown that the error performance of SM depends on the

differences between the channels. Moreover, it is demonstrated

that the ABEP of SM can be approximated by union bound

methods. Due to space constraints, we omit the detailed

calculation and report only the final result for the ABEP of

SM which is given in (6).

If we consider the computational complexity at the receiver

side, it can be seen that the detection of SM transmission

requires fewer mathematical operations compared to RC. For

RC, a total of M Nr (2Nt + 1) multiplications, additions

and subtractions are needed. In contrast, SM merely requires

3 M̃ NtNr = 3M Nr operations and, therefore, is less com-

putationally expensive. For instance, if M = 16, Nt = 4 and

Nr = 4, RC requires 576 operations, whereas SM requires

only 192 operations.

III. OPTICAL WIRELESS SETUP SCENARIO

In the following, we consider an indoor LOS environment

with different Nt ×Nr setup scenarios. We assume that the

transmitters are placed at a height of z = 2.5 m and are

oriented downwards to point straight down from the ceiling.

The receivers are located at a height of z = 0.75 m (e.g. height

0

1

2

3

4 0
1

2
3

4

0

1

2

y / m

x / m

z 
/ 

m

Fig. 2. Positioning of a 4 × 4 setup within room.

of a table) and are oriented upwards to point straight up at

the ceiling. Both transmitters and receivers are aligned in

rectangular arrays, which are centred within the room. The

element spacing of the single transmit apertures on the x- and

y-axis is 0.2 m and 0.1 m for the receivers. Fig. 2 exemplarily

shows the positioning of a 4×4 setup, at which the transmitters

are displayed as triangulars and the receivers as dots. The

plotted cones illustrate the orientation of the transmit beams

and the orientation of the receiver field-of-view (FOV). The

cone angles are related to the TX and RX semiangles.

On the basis of this setup scenario, we derive the channel

coefficients of the optical wireless links. Fig. 3 illustrates the

geometries used to calculate the coefficients hnrnt
. As shown,

φ is the angle of emergence with respect to the transmitter axis

and ψ is the angle of incidence with respect to the receiver

axis. Furthermore, d depicts the distance between transmitter

and receiver. According to [3], the DC channel gain is the

most distinctive parameter describing an optical wireless link.

Therefore, the channel coefficient of a directed LOS link can

Fig. 3. Geometric scenario used for calculation of channel coefficient hnrnt
.
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TABLE I
VALUES OF PARAMETERS USED IN SIMULATIONS TO CALCULATE

CHANNEL COEFFICIENT hnrnt
.

Parameter Value used in simulations

φ according to specific TX and RX position
within setup scenario, given in degree

ψ according to specific TX and RX position
within setup scenario, given in degree

Φ 1
2

15
◦

Ψ 1
2

30
◦

A 1 cm2

r 1 A/W

d according to specific TX and RX position
within setup scenario, given in m

be calculated as follows:

hnrnt
=

{
(k+1) A

2 π d2
nrnt

cosk φnrnt
cosψnrnt

0 ≤ ψnrnt
≤ Ψ 1

2

0 ψnrnt
> Ψ 1

2

(7)

with the order k = − ln(2)
ln(cos Φ 1

2
) and the transmitter semiangle

Φ 1
2

. Furthermore, Ψ 1
2

denotes the FOV semiangle of the

receiver and A is the detector area of the receiver. Hence, the

channel coefficients depend on the specific position of each

transmitter and receiver within the setup scenario. Table I gives

the respective values considered in the following simulations

to calculate hnrnt
.

IV. RESULTS ON BIT ERROR RATIO PERFORMANCE

In this section, we study the BER performance of SM and

RC using the scenario introduced in section III. We consider

setups with different numbers of optical transmitters and

receivers. Furthermore, we analyse the error performance for

varying spectral efficiencies. In order to ensure comparability,

0 10 20 30 40 50

10
−4

10
−3

10
−2

10
−1

10
0

Es

En

/ dB

B
E

R

 

 

RC (M = 4)

SM (M = 1)

RC (M = 16)

SM (M = 4)

RC (M = 64)

SM (M = 16)

Fig. 4. Comparison of SM and RC for spectral efficiency of 2, 4 and
6 bit/s/Hz in 4 × 4 setup scenario (lines show simulation results and markers
numerical ABEP results).

the mean emitted power is the same in each scenario as well

as for both transmission techniques.

First of all, we consider the 4×4 setup scenario illustrated in

Fig. 2. For this scenario, Fig. 4 depicts the BER performance

of SM and RC assuming a spectral efficiency of 2, 4 and

6 bit/s/Hz. It can be seen that the numerical ABEPs (markers)

given in (4) and (6) very closely match the simulation results

(lines). In general, the given ABEPs provide a good means to

evaluate the BER performance of SM and RC because they

do not depend on specific channel statistics, but only on the

transfer factors. As seen in Fig. 4, for a spectral efficiency of

2 and 4 bit/s/Hz, RC applying 4-PAM, respectively 16-PAM,

achieves a better performance than SM. But, if we consider

improved spectral efficiency of 6 bit/s/Hz, SM outperforms RC

up to a signal to noise ratio (SNR) of about 36 dB. This is

0 10 20 30 40 50

10
−4

10
−3

10
−2

10
−1

10
0

Es

En

/ dB

B
E

R

 

 

RC (N
r
= 2)

RC (N
r
= 4)

RC (N
r
= 8)

RC (N
r
= 16)

(a) 32-PAM RC

0 10 20 30 40 50

10
−4

10
−3

10
−2

10
−1

10
0

Es

En

/ dB

B
E

R

 

 

SM (N
r
= 2)

SM (N
r
= 4)

SM (N
r
= 8)

SM (N
r
= 16)

(b) SM with M = 4

Fig. 5. Comparison of SM and RC for 5 bit/s/Hz with Nt = 8 and varying
number of optical receivers Nr (lines show simulation results and markers
numerical ABEP results).
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because SM operates with a reduced signal constellation size

of M = 16 compared to 64-PAM RC transmission. At a SNR

above 36 dB RC gets superior because of its transmit-diversity

gain.

As SM only uses one transmitter at any time instance,

it cannot provide transmit-diversity. However, it can utilize

receive-diversity to a larger extent than RC by offering higher

SNR gains with increasing Nr. This finding is shown in

Fig. 5, where we study the performance of SM and RC for

5 bit/s/Hz for a scenario with Nt = 8 and a varying number

of optical receivers. It can be seen that when consecutively

doubling Nr from 2 up to 16, RC achieves a performance gain

of about 3 dB in each step. In contrast, SM achieves larger

improvements as it provides a performance gain of about 5 dB

by moving from Nr = 4 to Nr = 8 and of about 9 dB by

moving from Nr = 8 to Nr = 16. Consequently, in the 8 × 16
scenario SM even outperforms RC by about 2 dB.

Besides these improvements, SM has another essential

advantage over RC transmission. If more bits are to be

transmitted per channel use, RC needs a higher increase in

SNR to be able to provide the same BER performance. This

observation is taken from Fig. 6, which shows the error ratios

for a 16 × 16 transmission system providing different spectral

efficiencies (4, 5 and 6 bit/s/Hz). It can be seen that RC needs

a SNR betterment of about 6 dB to achieve the same BER

when providing 5 instead of 4 bit/s/Hz, whereas SM requires

an increase of only 3 dB. Consequently, SM with M = 2
outperforms 32-PAM RC by about 8 dB and even 16-PAM

by about 2 dB. If the spectral efficiency is increased by 1 bit

to 6 bit/s/Hz, RC requires additional 6 dB, in contrast to SM

which needs only an increase of about 4 dB. In summary, for a

spectral efficiency of 6 bit/s/Hz SM outperforms RC by about

10 dB and even outperforms the less efficient 32-PAM RC

transmission by about 4 dB. Hence, the benefits of SM over

RC largely increase with greater spectral efficiencies.

0 10 20 30 40 50

10
−4

10
−3

10
−2

10
−1

10
0

Es

En

/ dB

B
E

R

 

 

RC (M = 16)

SM (M = 1)

RC (M = 32)

SM (M = 2)

RC (M = 64)

SM (M = 4)

Fig. 6. Comparison of SM and RC for spectral efficiency of 4, 5 and
6 bit/s/Hz in 16×16 setup scenario (lines show simulation results and markers
numerical ABEP results).

V. SUMMARY & CONCLUSION

We have studied the performance of Spatial Modulation

applied to OWC in indoor environments and compared it to

RC. The simulation results were substantiated by numerical

ABEP calculations. We have demonstrated that SM achieves

significant gains if several receivers are employed because

it provides large SNR improvements with increasing number

of receivers. Especially for higher spectral efficiencies, SM

provides a better error performance as it can operate with a

reduced signal constellation size by conveying data bits in

the spatial domain. Furthermore, SM can achieve better error

ratios particularly at low SNR regions because the transmit-

diversity gain of RC prevails only at higher SNRs. Moreover,

SM even provides less computational complexity. Thus, SM is

a suitable modulation technique for OWC to provide high data

rates at good BER performance. Future work will deal with

the adaptation of SM in order to achieve benefits by transmit-

diversity as this will enhance its performance, especially for

low spectral efficiencies and at high SNR regions.
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