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Abstract: In the intensity modulation and direct detection
(IM/DD) multiple-input multiple-output ( MIMO) optical
wireless communication systems, a direct-current-biased
adaptive modulation scheme is proposed to guarantee the
nonnegative property of transmitted signals, and the MIMO
channel is converted to a parallel channel by using a singular
value decomposition. Besides, a QR decomposition and
based  adaptive

modulation scheme is proposed, and the MIMO channel can

successive  interference  cancellation
be simplified to a parallel channel under the bit error ratio
(BER) target constraint. The power is optimally allocated to
each sub-channel to maximize the data rate. Simulation
results show that the proposed adaptive modulation schemes
can effectively improve the transmission rate of the systems
under the BER target and constant optical power constraints.
The proposed adaptive modulation schemes make use of the
multiplexing gain of the MIMO techniques, and can further
improve the spectrum efficiency of optical wireless systems.
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n the multiple-input and multiple-output (MIMO) ra-

dio frequency wireless communication system'' ™,
precoding and successive interference cancellation are two
of the most commonly used techniques to curb the inter-
symbol interference. When applying precoding tech-
niques[3J , the transmitter needs to know the channel status
information through the feedback of the receiver. In a
practical system, the channel status information must be
quantified by a limited number of bits in order to be sent
back to the transmitter'*!.
the QR decomposition and successive interference cancel-
lation can be easily realized and applied in many areas"’.

The system spectrum efficiency can be enhanced by

adaptive modulation and power allocation schemes'®.

A practical method based on
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The adaptive technique also requires the feedback infor-
mation. In an adaptive modulation system based on pre-
coding, channel state information which includes the pre-
coding matrix must be sent back to the transmitter. In a
practical system, the perfect channel state information
cannot be acquired, an adaptive algorithm based on the
error channel state information'”' is analyzed. Zhou et
al. ™ studied the adaptive technique based on the mean
value feedback. In Ref. [9], a method using the outdated
channel state information was proposed. Park et al. '
proposed an enhanced precoding scheme with limited-rate
imperfect feedback.

By utilizing MIMO techniques, the anti-fading charac-
teristics and spectrum efficiency of a system can be en-
hanced, and adaptive modulation can further improve the
spectrum efficiency while still ensuring system perform-
ance. However, adaptive techniques in radio frequency
wireless communications cannot be directly applied to op-
tical wireless communication systems because of the in-
tensity modulation and direct detection (IM/DD), which
means that the transmitted signal must be nonnegative.
Besides, few studies have been conducted on the adaptive
modulation techniques in MIMO optical wireless commu-
nication systems. In this paper, we focus on the adaptive
modulation techniques applicable to the IM/DD MIMO
optical wireless communication system. Two adaptive
modulation schemes are proposed for the IM/DD optical
wireless communication system in flat fading channels.
DC bias and singular value decomposition (SVD) are ap-
plied in the first proposed scheme, and the second scheme
is based on successive interference cancellation. Simula-
tion results show that the proposed schemes work well un-
der the bit error ratio (BER) target and constant transmit
power constraints.

1 System Model of MIMO Optical Wireless
Communications

A point to point un-imaged MIMO optical wireless
communication system is considered in this paper''". It is
assumed that a transmitter consists of n, light-emitting di-
odes (LEDs) and a receiver consists of n, photodiodes
(PDs). The block diagram of the MIMO optical wireless
system is shown in Fig. 1. The channel of MIMO optical
wireless communication can be expressed by a n, x n, ma-
trix H, where the (i, j)-th component of H is h, i which
is the channel coefficient from the j-th LED to the i-th
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PD. In line of sight (LOS) links, &, ; can be expressed

12
as[ 1

(m+1)A,

b, = TD;COS (¢;;)cos(, ;) b, <V, ()
0 ¢ >V,

where m is the order of Lambertian emission, m = —In2/

In(cos®,,,); @,, is the semiangle at half-power of the
transmitting LED; A_ is the receiving area of PD; D, ; and
¢, ; are the distance and angle of incidence from the j-th
LED to the i-th PD, respectively; V. ,is the field of view
(FOV) of the i-th PD.

(1) Sampling
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Fig.1 Block diagram of a MIMO optical wireless communi-

cation system

The received signal takes the form as
y=Hx +n (2)

where x is a n, x 1 transmit vector; nr is an additive
Gaussian noise vector; and each component of n is a
Gaussian random variable with zero mean and variance

2
ag,.

n

2 Adaptive Modulation Scheme based on DC-
Bias and SVD

In radio frequency (RF) MIMO communication sys-
tems, the optimal precoding matrix is

U,=U, (3)

where U}, is the right singular matrix of channel matrix
H, H = V,AU,;, and A is a diagonal matrix with the
components A, =), =...=A, >0, where r is the rank of
H. After precoding, the transmitted signal takes the form
as

t=U,s (4)

where s is the information vector. However, it cannot be
guaranteed that all the components of ¢ are nonnegative,
and a DC bias is required. It is assumed that the k-th ele-
ment of s is a zero mean and variance o, Gaussian ran-

dom variable, and all the elements are independent.

Therefore, the k-th element of ¢ is with zero mean and va-

n

. 2 2
riance o, = Y, (U,) .00,

where (U,) . ; is the (k, i)-

=1

th component of the precoding matrix U,.

For a Gaussian random variable » with zero mean and
variance o, the probability that v lies in [ -20,, 20,] is
95.6 % ; therefore, it has'"’

Pr(v+20,>0) =97.8% (5)

which is very close to 1.

Define a vector , and its k-th component is k, =20, ,.
By adding a DC bias, the transmitted signal can be ex-
pressed as

x=U,s +k (6)

Therefore, each component of x is greater than zero with
a probability 97. 8% , and the expectation of x is E[x] =
k. At the receiver, the received vector is multiplied by

V,, and the derived signal is

y=Vy=A(s +Upk) +Vyn =A(s +Upk) +it  (7)

After subtracting the DC bias component, the signal be-
comes

y=y-AUpk =As + it (8)

In the practical communication system, each compo-
nent of information vector s employs a traditional pulse
amplitude modulation (PAM) scheme, and the modula-
tion order is chosen adaptively. It is assumed that the
maximum value of the k-th spatial subchannel is Z,.
Therefore, the k-th component of the DC bias vector « is

n

k. = (U, |z (9)

i=1
When the average transmit optical power is p,, the
corresponding constraint is

n n

>3 (U,

k=1 i=1

Z; <p, (10)

The Euclidean distance between the adjacent points
) ) 2Z,
in the PAM scheme is d, ,, = V-1

applied, the bit error ratio (BER) of the k-th date stream
(141

When Gray coding is

can be expressed as

2AM-1)

BER,_ ,, =
MO Mlog,M

o(Gitis)

2
! exp( - u?) du is the Q-function.

where () j Nir:
It is assumed that the BER target is BER,, which means
that BER should satisfy BER, ,, <BER,. The modulation
threshold can be derived as

Z M-1__ Mlog,M
Th =[2*) = ! 2 )
( ) 2 (BER‘ M-1)

M=2i=1,2,...6

n

(12)

where O '(-) is the inverse function of the Q-function,
and it has
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Th,,<Th,,<...<Th,, (13)

The modulation order can be decided according to the fol-
lowing criteria:

Zk
0 — < Th,,
a, i
i Zk .
M=:2 Th, ,<—<Th,,,,; i=1,2,...,5 (14)
a, i
Zk
64 Th, S;ﬂ
The transmission rate of the k-th data stream is
Loz
R, = ZU(J_Thk[) (15)
i=1 o ’

n

where U( -)is the step function. Under the constant power
and BER target constraints, the adaptive modulation
scheme can be expressed as the following optimization
problem:

n, 6 Z
max{ 3 U(J ~ Th, )} (16)
Z k=1 izl o, '
s. t S (U, 12z <p, (17)

To optimize the power allocation, The maximum value Z,
of the k-th data stream should satisfy

Z,e{ThP,,=Th, 0, i=1,2,..,6} (18)
Define the incremental power as
’ ThP, | i=1
AT, = { ' , (19)
' ThP, . - ThP, ,_, i=2,3,..,6

It has A, , <A, ,,, for each data stream.
When the k-th spatial subchannel employs the 2™-PAM
scheme,

m,

Z Aii . The optimization problem becomes
i=1

the corresponding maximum value is Z, =

n,

- ka}

k=1

(20)

achieve

maX{R

T n

s. t. 3y

k=1 j=1

(U, | Y AL <p, (21)
i=1

The problem can be solved by the following two steps'™':

1) Sort the 6r values of 2 \(Up)j_k \Af__i in an as-
J=1

cending order ¥V, <Y, <...<Y,;

2) Find the maximum value of R subject to z Y,
i=1

achieve ?

=p,.
If the optimal modulation scheme of the k-th spatial
sub-stream is 2™-PAM, the power allocation is

(22)

My
2V
opt _ e, i
= i=1

k. avg
0 My o = 0

When the transmit optical power p, is a constant and
z pf‘dg <p,, the remaining power can be equally alloca-
k=1

ted to the spatial sub-streams to further improve the BER
performance.

3 Adaptive Modulation Scheme based on QR
Decomposition and Successive Interference
Cancellation

3.1 The principle of QR decomposition and succes-

sive interference cancellation

It is assumed that the QR decomposition of channel
matrix H is

(23)

where U, is an unitary matrix and G is an upper triangle

H=U,G

matrix. At the receiver, the received signal is multiplied
by the conjugate and transpose of matrix U,, such that
the signal can be expressed as

$=Usy=Gx+Uyn =Gx +1 (24)

where A = Ugn is a Gaussian random vector, and each
component is with zero mean and variance ¢.. Since G is
an upper triangle matrix, the successive interference can-
cellation can be applied to detect the data. It is assumed
that the (i, j)-th component of G is g,;. Each spatial
transmitted information stream employs DC bias pulse
amplitude modulation (PAM), and it is assumed that the
average optical power of the k-th spatial sub-stream is

pk, avg*

Theorem 1 In optical wireless communication sys-

tems, the optical domain signal to noise ratio (SNR) of

the k-th spatial sub-channel is dominated by M

n

when QR decomposition and the successive interference
cancellation based adaptive modulation is applied.

The proof is as follows: The BER target in the uncoded
adaptive modulation system is usually less than 10 . In
the optical domain, SNR is defined as

P,

SNR =—
o

(25)
where p, is the optical power.

Therefore, the average SNR of the k-th spatial sub-
channel is

k-1

B8] =Y

i=0

(k—.l

l

)( 1 - BER() kil?i( BER() il?k,i (26)

where ¢, ; is the SNR of the k-th spatial sub-stream when
suffering the interference from i data streams, and it is as-
sumed that ¢, , are in the same order with the same i. Be-
sides, in the practical environment, it has n, <10 and n,
<10. Therefore,

_ ‘gk.k ‘pk,avg

E[8,]~(1-BER)" '8¢, ,=9,, = (27)

n



178

Wu Bin, Wu Liang, and Zou Cairong

The QR decomposition and successive interference
cancellation based adaptively modulated optical wireless
communication system can be viewed as adaptive modula-
tion in parallel channels.

3.2 QR decomposition and successive interference

cancellation based adaptive modulation scheme

In the MIMO optical wireless system, the DC-bias
PAM scheme is employed for each sub-channel. The
BER performance of the DC bias PAM scheme takes the

14
form as'"

2AM-1)

BER, = Mlog,M

( SNR) (28)

M -1
where SNR is in the optical domain as Eq. (25). The
SNR threshold is defined as

. 75
Th0i=(2’—1)Q“(BERll.71)) i=1,2,...,6

202 -
(29)

where ThO, <ThO, <... <ThO,.

When the transmit power is a constant and the BER tar-
get is set, the power is optimally allocated such that the
achieved data rate is maximized. The optimization prob-
lem can be expressed as

max{ kz;]

Prae

6

o(Lelris )l o0

n

i=1

5. t. N Prg = Pur Prag =0 (31)
k=1

According to the SNR threshold, the power allocated
to the k-th spatial sub-stream needs to satisfy

ThO,

pk,avge{ThOPk,,:T"a,, i=1,2, ...,6} (32)
k, k

which can achieve the maximum spectrum.
The incremental optical power is defined as

i=1
(33)

b :{ThOkaI
i=2,3,...,6

“'" | ThOP, , - ThOP, , ,

It has @, , <@y ,,, for each sub-channel.
When 2"™-PAM scheme is employed in the k-th spatial
sub-channel, the optical power allocated to the k-th spa-

tial sub-channel is p, ,,, = 2 @, .. The previous optimi-
i=1
zation problem is equivalent to the following problem:

n

= ka}

k=1

maX{R (34)

achieve

St Y S o <y, (35)

k=1 i=1

The problem can be solved by the following two steps'™':

1) Sort the 67 values of @, in ascending order ex-
pressed O, <0,<...<0,,

R i

2) Find the maximum value of R, subject to z 0,
i=1

achieve *

= pu'
If the optimal modulation scheme of the k-th spatial

M op

sub-stream is 2™-PAM, the power allocation is

mk. opt = 1

(36)

T
opt _ 2 ¢k,i
k,oavg T i=1

0 m’k, opt = 0
When the transmit optical power p, is a constant and
2 ph‘t <p,, the remaining power can be equally alloca-
k=1

ted to the spatial sub-streams. Define

0, =p, - X ph. (37)
k=1

The achieved data rate of the proposed adaptive modula-
tion is

ro6 opt
Ruchieve — 2 z U( ‘gk,k ‘ (pk,uvg + ..Qp/r) _ ThOL) (38)
=1

k=1 i (o

n

If g bits are used to quantize the proportion of the
power allocated for each spatial sub-stream to the total
transmitted power, the total number of feedback bits are
(g +3) r, where 3r bits are used to send the modulation
order.

4 Simulation Results

In the simulation, the channel coefficient /4, i is set to

be h,, = V71/2 |,
variable with zero mean and variance 1. Therefore, it has
E[n,;] =1. Besides, it is assumed that the spatial sub-

, where @, ; is a Gaussian random

channels are independent, and variance of noise is o-,z, =
1. The BER target is BER, =10 .

Figs.2 and 3 depict the performance of the DC bias and
SVD-based adaptive modulation scheme. Fig.2 shows the
achieved data rate with different LED and PD configura-
tions. It can be seen from Fig. 2 that the achieved data
rate is linearly proportional to n, when n, = n,. Fig. 3
shows the simulated BER performance. It can be seen
that the BER target is satisfied in all the conditions. The
trend of the BER performance changes when SNR be-
comes great, that is because the remaining power, which
can further improve the BER performance, changes with
a different SNR. For example, when n, = n, =8, the
BER at SNR =8 dB is worse than that at SNR =6 dB.
The achieved data rate at SNR =8 dB is higher than that
at SNR =6 dB, which means that the modulation order at
SNR =8 dB is higher than that at SNR =6 dB. Besides,
according to Eq. (37), the remaining power at SNR =8
dB may be less than that at SNR =6 dB. Therefore, BER
at SNR =8 dB is worse than that at SNR =6 dB, even if
the transmit power at SNR =8 dB is higher than that at
SNR =6 dB. But the BER is below the BER target in all
SNR regions.
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Fig.2  Achieved data rate of the DC bias and SVD based
adaptive modulation scheme with different LED and PD config-
urations
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Fig. 3 Simulated BER performance of DC-bias and SVD

based adaptive modulation scheme with different LED and PD
configurations

Fig. 4 shows the achieved data rate of the QR decom-
position and successive interference cancellation based
adaptive modulation scheme with different quantization

RS VISR

g —o— 1(QR-based scheme)
é 12 - —a— 2(QR-based scheme)
£ —+— 3(QR-based sch

§ 10k (QR-based scheme)

—»— 4 ( QR-based scheme)
g | e Infinite ( QR-based scheme)

""" DC bias scheme

=)

* 8

Achieved data rate/( bit

1 1
0 2 4 6 8 10 12 14 16 18 20

Fig.4 Achieved data rate of QR decomposition and successive
interference cancellation based adaptive modulation scheme with
different quantization bits and n, =n, =4

bits, where n, =n, =4. It can be seen from Fig. 4 that the
effect of quantization bits is small in the low SNR region;
when SNR is larger than 14 dB, the effect of quantization
bits becomes large. Besides, the gap between g =4 and ¢
= oo is very small, which mean that 4 bits are enough to
quantize the power allocation strategy. For comparison,
the achieved data rate of the DC bias adaptive modulation
scheme with n, =n, =4 is also plotted. It can be seen that
the achieved data rate of the QR based scheme is im-
proved, when the number of quantization bits is no less
than 2.

Fig. 5 depicts the BER performance. It can be seen that
BER performances with different quantization bits are be-
low the BER target. When the SNR becomes high, the
trend of BER performance changes as shown in Fig. 3,
and it is caused by the same reason.
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——2
—=— 3
—e—4
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U—/dB

n

i
14 16 18 20

Fig.5 Simulated BER performance of QR decomposition and
successive interference cancellation based adaptive modulation
scheme with different quantization bits and n, =n, =4.

5 Conclusion

Spatial multiplexing gain in the MIMO technique can
effectively improve the spectrum efficiency of the system,
while the adaptive modulation techniques under certain
specified constraints can further enhance the system per-
formance. In this paper, adaptive modulation schemes in
IM/DD MIMO optical wireless communication systems
are studied. Two adaptive modulation techniques are pro-
posed. The first scheme is based on DC-bias and SVD,
and the second scheme is based on QR decomposition and
successive interference cancellation. The first scheme is a
straightforward scheme, and the achieved data rate of the
second scheme is higher when the number of quantization
bits is no less than 2. The maximum data rate and
achieved BER performance under a given BER target and
constant transmit power constraint are analyzed. Besides,
the second proposed adaptive modulation technique can
achieve the specified performance using finite rate feed-
back. The feasibility of the proposed adaptive modulation
techniques are verified by the simulation results.
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