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Wireless data is growing
exponentially ...

YouTube

In 2011, ~ 140 views for every person on earth (over
1 Trillion views

More video is uploaded to YouTube in one month
than the 3 major US networks created in 60 years

72 hours of video are uploaded to YouTube every
minute

25% of global YouTube views come from mobile
devices

Source - http:/ /www.youtube.com/t/press_statistics

Internet video traffic is growing at 48% CAGR

Source - Cisco Visual Networking Index: Forecast and Methodology, 2010-2015
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... leading to RF Spectrum Shortage

Global Mobile Data Traffic

Spectral Efficiency Gains are Slowing
12% CAGR

78% CAGR 2011-20" 6

Exabytes per Month
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Source: Cisco VNI Mobile, 2012 Source: Qualcomm
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How fix the problem?

1. Identify new spectrum, and/or

2. Enhance spectrum reuse
(smaller cells)
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The electromagnetic spectrum
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Optical Attocell Concept
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Link-Level Communication System
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Communication Scenarios

LOS directed NLOS non-directed NLOS (diffuse)
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State-of-the-Art: Wi-Fi

Wi-Fi Router Location
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State-of-the-Art: Wi-Fi

Wi-Fi Router Location
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Data rates per device
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Interference Scenario
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Optimisation Framework

Find variables: Tels Yels T2y Ye2oeesel, YeL, d
Criteria: max E[A,]
Constraints:

—Length.Room , , , Length.Room
P) <;F01,I02,...,I0L < B D)

=W ldtlgl Room Yels Ye2s -5 YeL

< W 1d1;}12. Room

min(Width.Room,Length.Room)

0<d< N

Ey > 4001x for at least 50% of the room area

and

Ey, > 1001x for the rest of the room
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Room width[m]

Rx FOV 85° - without lighting
constraint
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Room width[m]

Rx FOV 45° - with lighting
constraint
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Key differences to RF

System Information Signal
carried on complex :
R electric field valued bipolar
Incoherent | carried on real unipolar
Optical optical intensity | valued non-negative
28 December 23,
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Non-linear Characteristic

Non—linear transfer characteristic of the optical front—end

e
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F(x)=Z(x)
= = =F(x) = ®(x), pre—distortion |7
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Optical channel

x(0) transmitter
nonlinearity, F(.)

F(x(9))
g

30

optical wireless
channel, A(?)

w()
(o) * FG(0) A\ 0
F\JJ >
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Coherence Bandwidth of Channel

Impulse response of channel, 4(7), with RMS delay spread of D = 10ns
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Path loss

32

y , reflecting surface

n-+1 A o
Pr = Pr cos™ (B1x. d) COb(QRX a)rect(fprx,q)  bi-directional reflectance
2T distribution function

(BRDF)
”“PT////w 202

(Orx )rect(Ary ) da dy df do .

2
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Path loss, cont’d

Optical path gain
In(opt) (A) = PR(A)SpD(A)Gr1a /(P (A)y/T100d)

Electrical path gain

Bf? 1 B/2
h(elec) — _/ f)lz df — Jh (opt) / ‘Hnorm(fHQ df

B/2 B —B/2
Path loss Detector area distagce
e
PL(d) = 101 ( 'r ) 101 (4)+10<1 ( ! )+5
(d) = 10 log — 1Ulog 08
10\ E(dyer) Ao 10\ 4, O\ det
/
Irradiance
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ixample: Aircraft cabin / LOS

Received power in the vertical XZ plane along path 4 (y = 6m),
backward observer
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Recerved power in the vertical 2{Z plane along path 2 (¥ = 2m),
sum of back, front, left and right
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Modulation Techniques
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Transceiver building blocks
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Pulsed Modulation
» On-OFF Keying

|nte4r\13|ty Finite slope limits

achievable data
On

Thres.

Off
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Single Carrier Binary

Current [mA]
o

Current [mA]
(]
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Single Carrier Multi-level
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PPM: BER Performance

BER

BER performance of M—PPM in AWGN
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BER

PAM: Bl

CR performance

BER performance of M—PAM in AWGN
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OFDM

Orthogonal Frequency Division Multiplexing

Normalized Amplitude

-5 -4 -3 -2 -1 0 1 2 3 4 5
Frequency Index
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DCO-OFDM and ACO-OFDM Symbo.

Structures )/
DCO-OFDM
DC QAM QAM™
Zo z1 x%_l x;;/ x*%_l x"q
ACO-OFDM
0 |QAM QAM QAM* QAM*
o T N X x*%_l X"

45
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ACO-OFDM Time Domain Signal

1.0 . . . .
sl |

04 WA, |
2\ An/\ 1L n/\ /\

normalised signal amplitude
o

10 20 30 40 50 60
time samples
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QAM vs. CAP

cos(m. 1)

QAM
O ) RO
sin(,_7)
AP % PN 20 Not feasible if o is much
greater than the symbol
Bk_,gq(t) I% | ﬁ -, y(¢) frequency
g(0) = geos(w,) ¢
’ o gng (Hdt =0
g () = gsin(o.0)

A. H. Abdolhamid, et al. “A Comparison of QAM/CAP Architectures”, 1998
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OFDM Generation (Time Domain)

» After the IFFT, the signal follows a zero-mean Gaussian
distribution in the time domain:

. . . P -l-t d ,t
Time-domain signal fégzzz;l y density
6" ; | I =8 time domain signal | ; ! . 0.4
=8 cyclic prefix
il 0.3
= ‘ l 1 -~
) ka3
SN | 1. | . 7 <> 02
- l l l | HEeRy | o
” oseeh
-4 Eaw * » Q |
-6 4 2 6 2 4 6 é 10 12 14 16: :: : :: 95 0
1 ’ . X [o'x]
" [ = %] Save
N-—-1 ]
BER > 2 (VM —1) Q 1 Erx < . — 1 Z fx ox 12mkm
WM = AT logy(VAD) “\ VAL —1 V4N, Lk = Lm eXP | —;
1 m=0
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Multi-carrier Multi-level

DCO-OFDM
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DC Bias and Signal Power

50

Output amplitude

DC bias
point BD
The OFDM
signal g
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UPVLC Results (assuming single
colour uLED)

0 Adaptive Bit Allocation vs. Capacity 1.5—
| | |—o Bit Allocation
| . =
|—Capacity =
. o S TP g 14
Q
= 1}
= S
= : P
§ 6 ........................................................................ &ﬁ
e 2
— L
e
ea =k
o~ E
0 ‘ 00 100 200 300 400 50
100 200 300 400 500 S
Subcarrier index [k] Subcarrier index [k]
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Bussgang Theorem

» X1is a zero-mean Gaussian random variable with variance o
and g(X) is an arbitrary transform on X, which could be
linear or nonlinear.

» The Bussgang theorem:
sane 9(X

» Then:

Elv2]=E[g?(X)]- k%7
B KPES E[Y,]=Elg(x)]

N N, +VarlY, ] varly, |=E[v2]-E[y

52 December 23,
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Redefintion of the Distortion

» Any arbitrary distortion function g(x) can be represented with
a set of intervals I and a number of continuous polynomials
which describe the function in those intervals.

» Then g(X) becomes:

||| Ny

where n ;. is the order of the polynomial in interval k, and

U(x) is the
unit step function:

U(X):{O,x<0

1. x>0

53 December 23,
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Examples
» 3-bit DAC:

(x)=3(U(x—1.5)— U(x —0))+
+1(U(x)-U(x~1.5))-
~1(U(x+1.5)-U(x))-

5
0)-U(x+1.5))

(@)

—3(U(x+

» Clipping and LED
current-to-light
conversion:

9(x)=3(U(x—3)— U(x—0))+
+(-1x% + 7x =5 U(x=1)- U(x - 3))+
+1(U(x +00)-U(x-1))

54
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Closed Form Solutions

The equations from the Bussgang analysis become:

1 I dj+1D(t,X K k’O G)
K _ L min, max
o ; j=0 Ck,l dt’™ t=0
o 1Dt X, s X 0,0
E[g(X)]= Cu.j ( C:tj k )
k=1 j=0 t=0
, I ne g deD(t’Xmmk’ man’O G)
E[g (X)]= 2.2 CiCn

1 1 J+m
k=1 j=0 m=0 dt -

Tsonev, et al., JLT, 2013
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Channel Capacity: Optimisation

Frameworks

Gilven:

BER, M, Pmin,norm-. Pmax,norm and Pa.vg,norm

Find:

argmin Yy (elec) (0. fnc) = 0
a>0
Bpc > 0

where

ZF equalizer

_ Gy o Grlogy(M)ody,
qb(elec) - = - q}—& —
|H ( finto)?PG1GpC Py(elec)

MMSE equalizer

G, g0 GBloga(M)ody
GrGpe K Ps(elec)

Tb(elec) =

H in o 2 I:rQ _
| (f f )| (q ) Ps(ele(:)

_ 3log,y(M) (Q—l (BEleogg(M))>_
1= 1 Z1 A4(V/M —1)

G log, (M )aflip)

:

Constraints: E [®(x;7)] < Pavgnorm
Atop = Abottom 111 DCO-OFDM
Atop = Abottom = 0 in ACO-OFDM

56

P2 LoJi0N
Vmin I
i M P
010y 0, 0, O-opt o
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Results

Optimum region in DCO-OFDM with the minimurm & (Bl&c)fNU for a fixed BER = 107
1 _
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Spectral Efficiencies

Spectral efficiency vs. electrical SNR requirement for a BER of 10 °
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Figure 5.4 Spectral efficiency ws. electrical SNR requirement for a 1072 BER of the
58 OWC schemes in a flat fading channel with impulse response h(t) = 6(t) and a 23 December,
neglected DC-bias power. 2013



Spectral Efficiencies, cont’d

Spectral efficiency vs. electrical power requirement for a BER of 107
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Figure 5.5 Spectral efficiency vs. electrical SNR requirement for a 1072 BER of the
5g OWC schemes in a flat fading channel with impulse response h(t) = 4(t), including 23 December:
the DC-bias power for a 10-dB dynamic range. 2013



Implications on Dimming

Minimum electrical power requirement for a BER of 102 over a dynamic range of 20 dB
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Optical Output Power

Normalized average optical power vs. electrical power requirement for a BER of 10
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Spectral Efficiency of OFDM

Spectral efficiency vs. electrical power requirement for a BER of 10°
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Theoretical Capacity limits, cont‘d

Mutual information in optical OFDM in AWGN over a dynamic mae0 510 4B
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20

For 10 dB dynamic range:

(1): with optimisation, DC
bias power not included

(2): without optimisation, DC
bias power not included

(3): with optimisation, DC
bias power included

(4): without optimisation, DC
bias power included
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Spatial Modulation: How does it

work?
Spectral Efficiency: Im . .
i Signal Constellation
logy(N;) + log, (M) bit/s/Hz &)
I 1(00)
—@ o—
10(00) [ 00(00)
?11(00)

Im

10(11) | oo0(11)

11(11)

Re

Spatial Constellation
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Spatial Modulation OFDM

Input bits
. 0tlrtriool11l10 OFDM &
> Modulator /\/\ IX,
OFDM
_
01> TX,
11> TX L \/\/\/ 4
3 Modulator X,
102> TX
- . 010 0 0 1 OFDM /?
VLA
Modulator
€, ¢, €3 C4
e.g. 4 sub-carriers per OFDM symbol
N N
BERgsk < Z Z dy (b 1.b (2))
Ny 10g2 (Ny) (D ol
=1n,
j\]r
E - 2
Q 44?\?0 Z inr (2 — h? -n,gl)
ne=1
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Thank You!
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