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ABSTRACT The requirement of a DC-bias is known to make DC-biased optical orthogonal frequency
division multiplexing (DCO-OFDM) less energy efficient. This can be improved by asymmetrically clipped
optical OFDM (ACO-OFDM), pulse amplitude modulated OFDM (PAM-OFDM) or Flip-OFDM, but these
variants use the bandwidth inefficiently. Our trade-off between energy and spectrum efficiency considers
a given limited channel bandwidth of the light emitting diode (LED) and then attempts to get the highest
throughput per unit of energy. We investigate previous findings that clipped OFDM can be more attractive in
a low-SNR regime. More specifically, we consider visible light communication (VLC) in which the average
light level, i.e., the bias, is prescribed by illumination requirements, thus comes for free. ACO/PAM/Flip-
OFDM can convert the DC-bias into power for communication, but all variants of OFDM, including
DCO-OFDM consume extra electrical power. We conclude that in this scenario, advantages attributed to
ACO/PAM/Flip-OFDM vanish, as DCO-OFDM outperforms its variants in all SNR conditions, in terms of
achieved throughput over a bandlimited channel as a function of extra electrical power required. For hybrid
solutions, such as Asymmetrically clipped DC biased Optical OFDM (ADO-OFDM) and Hybrid ACO-
OFDM (HACO-OFDM), we optimize a new adaptive power and rate splitting between odd (clipped) and

even (biased/clipped) subcarriers to balance power and bandwidth efficiency.

INDEX TERMS Illumination, communication, VLC, capacity, DC bias, OFDM.

I. INTRODUCTION
Orthogonal Frequency Division Multiplexing (OFDM) is
widely considered as a modulation technique for an Intensity
Modulated/Direct Detection (IM/DD) optical wireless sys-
tem, because of its ability to transform the full bandwidth
channel into smaller subchannels, each with a flat response
within their subband. It can avoid Inter Symbol Interfer-
ence (ISI) and thus provides resistance to dispersive channel.
A simple one-tap equalizer at the receiver can be used and
the adaptive, frequency-dependent power and (or) bit loading
can be applied. OFDM is proposed for Optical Wireless Com-
munication (OWC) in the ITU-T g.9991 (g.vic), the IEEE
802.15.7m and the IEEE 802.11bb and other standards.

In IM/DD optical system, the intensity of light can nei-
ther be complex nor negative. Thus, the input feeding the
Inverse Fast Fourier Transform (IFFT) during the OFDM
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generation flow is constrained to have an Hermitian symme-
try to deliver a real-valued signal, then a DC-bias is usually
applied to ensure a positive output, called DC-biased Optical
OFDM (DCO-OFDM) [1]-[3]. The main idea for Asymmet-
ric Clipped Optical OFDM (ACO-OFDM), Pulse Amplitude
Modulated OFDM (PAM-OFDM) or Flip OFDM is to avoid
the power inefficient DC bias so as to improve the energy
efficiency [4]-[7]. To be specific, ACO/Flip/PAM-OFDM
effectively convert and re-utilize the power “wasted” in a
DC-bias into a power that carries signal data. This comes at a
price in bandwidth utilization, as in ACO/Flip/PAM-OFDM
only half of the signal dimensions effectively carry data [8].
This puts a 50% penalty on the capacity. To repair the spec-
trum efficiency, Asymmetrically clipped DC biased Optical
OFDM (ADO-OFDM) [5] transmits ACO-OFDM on the odd
subcarriers and adds DCO-OFDM on the even subcarriers.
Hybrid ACO-OFDM (HACO-OFDM) simultaneously uses
ACO-OFDM on odd subcarriers and PAM-DMT on even
subcarriers [9].
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The energy efficiency (in bits/s/J) is an appropriate metric
if power is limited but bandwidth is unlimited [10], [11]. The
spectrum efficiency (in bits/s/Hz) is appropriate if power is
for free but bandwidth is scarce. Yet in practice, both power
and bandwidth are constrained. This has been addressed by
plotting the power and bandwidth efficiency on different axes
to map various modulation schemes. In this paper, we take the
position that the channel bandwidth often is a hard constraint
[12], [13], while our design objective is to get the highest
possible bit rate for a given power budget. This calls for
an optimization of the maximum throughput per available
dimension, as a function of the link budget. To this end,
we invoke the Shannon channel capacity expression and com-
pare various methods not only based on the same optical
signal power, but in particular analyze and compare this for
the electrical power fed into the Light Emitting Diode (LED).

Depending on whether we compare a system based on opti-
cal or electrical power, one can arrive at different conclusions.
In fact, the optical power constrains the first moment (the
mean) of the LED current, while the total and extra electrical
power constrain the second moment and the variance (central
moment), respectively. If eye-safety is the prime limitation,
optical power may be an appropriate comparison [5]. It has
been revealed that modulating a constant illumination light
level costs extra electrical power, while the time-average opti-
cal power remains constant [14]. As the power consumption
in mobile devices is limited, the electrical power consumed
in the LED or in the driver is more appropriate, while this was
less commonly studied in literature and we will focus on this
aspect.

For Infrared (IR) communication, the second moment
(variance plus square of the mean, including bias) determines
the electrical power in the LED, while for the Power Ampli-
fier (PA) also the Peak-to-Average Power Ratio (PAPR) is
relevant. Thus, a comparison purely based on average optical
power (first moment of the photonic flux) oversimplifies.
This paper, we revisit some results by extending this model.
Yet for Visible Light Communication (VLC), where illumi-
nation constraints already give a DC bias for free, the extra
electrical power consumed with respect to unmodulated illu-
mination is more relevant. Intuitively, it seems that the system
that excels on the basis of total power will also excel if
benchmarked on extra power. Nevertheless in this paper we
challenge this thought. As we will see, for DCO-OFDM with
a given DC lighting setting, one can use arbitrary amounts of
extra power to communicate, including very small modula-
tion depths that do not affect the overall energy efficiency of
the light source. In fact, anticipating on results in Section IV,
with ACO/Flip/PAM-OFDM, the extra power for modula-
tion can, depending on the LED and its operation, be sig-
nificantly above 20% of the illumination only power. This
would severely deteriorate the efficiency of LED lighting and
may disqualify its energy star compliance [15]. We see that
different conclusions apply for VLC and IR communication,
particular if VLC is positioned as an increment to a prime
illumination function.

98320

Comparisons from other perspectives than we focus on
in this paper include, for instance, PAPR and nonlinearity
tolerance which are relevant to practical implementation.
Assuming the same power after IFFT, the ACO/Flip/PAM-
OFDM PAPR is 6.9 dB higher than the DCO-OFDM PAPR,
due to the halved power after the clipping or flipping. For
the impact of the PAPR on the extra power lost in the LED
modulator, we refer to [16]. Secondly, LED nonlinearities
tend to be smaller at the center of the dynamic range and
are higher at the edges. Since ACO/Flip/PAM-OFDM has
higher sample density close to the lower part of the dynamic
range, it will be more affected by nonlinearities which will
increase the BER. We know from [13] that nonlinearities
cannot be eliminated with a static separate predistorter, but
requires a non-linear equalizer with non-linear delay taps,
which raises the question whether in addition, the frequency
domain equalisation in OFDM is still attractive or needed.

In this study, we compare the performance of optical
OFDM variants with (extra) electrical power or energy
employing Shannon channel capacity. The rest of the paper
is organized as follows. Section II describes the linearized
LED model and typical VLC channel. DCO-OFDM is pre-
sented in Section III. ACO-OFDM, Flip-OFDM and PAM-
OFDM are discussed in Section IV. The performance of the
improved ADO-OFDM and HACO-OFDM are presented in
Section V. Performance evaluation and comparison is dis-
cussed in Section VI. Conclusions are drawn in Section VII.

Il. LED AND VLC CHANNEL

This section discusses in more detail on LED model and VLC
channel, which forms the basis for the modeling of power
efficiency throughout this paper.

A. LINEARIZED LED MODEL
The voltage across the LED Vjgp is a function of the current
through the LED I gp, described by

Viep = nk—Tln [ILED + 1} + Reliep, (1)
q I
where 7 is the ideality factor (n = 1 to 2), k is the Boltzmann
constant, 7' is the temperature in Kelvin, ¢ is the electron
charge. At room temperature, k7 /q = 26 mV. The saturation
current /; highly depends on the LED type, where a typical
example is Iy = 4.1 x 1072% A with n = 1.4 [17]. Above a
few milliamps, the DC resistance Ry, in the LED needs to be
considered.

We linearize the LED model as a fixed junction voltage
Vy in series with a dynamic and Equivalent Series Resis-
tance (ESR) resistance Ry gp [16]. Thus,

Viep = Vj + ILepRiED, ()

where V; is not the voltage at which the dynamic resistance is
obtained, but the crossing point of the linearized LED mode
with the horizontal axis (Irgp = 0). Fig. 1 shows a typical
LED I-V curve and the linearization approximation, which
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X. Deng et al.: DC-Bias for Optical OFDM in Visible Light Communications

IEEE Access

800 T T T T
——Diode equation !
700 - - - - -Approximation J/

600

1 1.5 2 25 3 3.5 4
Voltage (V)

FIGURE 1. A typical LED V-I curve using the diode equation from Eq. (1)
(solid line) and linear approximation from Eq. (2) (dashed line).

confirms that for a small modulation in current, the lineariza-
tion is reasonable.

The photon light generation ¢(¢) of the LED is proportional
to the driving current I1gp(t), with ¢(¢) = al gp(t), where a
is called the LED responsivity in W/A.

B. VLC CHANNEL MODEL

OWC system over an optical IM/DD channel is typically
modeled as a baseband linear system with the optical sig-
nal ¢(¢) transmitted over a channel with equivalent impulse
response /(t), which leads to an received current r(¢) with an
additive Gaussian noise n(t) [18], [19]. The received signal is
expressed as the convolution

r(1) = bg(1) ® h(t) + n(1), 3

where b is the responsivity (A/W) of the photodetector (PD).
For a detailed analysis of the impact of A(¢) or rather its
frequency transfer function H(f) on the capacity, we refer to
[20]. Our analysis here can be seen as an optimization that
focuses on the modulation of the OFDM subcarriers within a
flat portion of the received spectrum, while [20] focuses on
the trade-off between subcarriers.

The path from an LED to a PD is usually modeled as a
flat channel with a fixed propagation delay and DC gain.
Multipath frequency selectivity can play a role, but only for
high modulation rates. Most papers copy the Lambertian
radiation expression [18], [21], [22], but lighting systems
mostly have dedicated optics to optimize illumination, it may
not generically apply [23], [24]. As our findings do not in any
way depend on the radiation pattern, we collapse the emission
pattern and path loss into a single g that denotes the optical
channel DC gain. The Gaussian noise n(¢) includes the shot
noise and thermal noise [25], which both have a flat Power
Spectrum Density (PSD) of

akT
No = Njot + Nihermal = 2qbPp, + R_v “4)
F
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where P,, and RF are the received optical power at the PD and
feedback resister of the Trans-Impedance Amplifier (TIA) in
the receiver, respectively.

lil. DCO-OFDM

Since the optical power is the average light output, modulat-
ing the light intensity around an average illumination level
does not imply extra optical power. Yet, when considering
the electrical power, variations around an average light level
cost significant amounts of extra energy, which we quantify
here. In DCO-OFDM, a real-valued DC-free OFDM signal
i(t) is added to a DC bias I1gp, to generate the LED current
I1Ep(t) = Ippp + i(t). If the number of subcarriers is large
enough, the current acts as a Gaussian variable, with mean
I gp and standard deviation i,,,;, where we denote the rms

modulating OFDM current as iy = ,/E [i2(1)]. Using the
linearized model, the power consumed in the LED is

E [Viepliep] = Viliep + ReepE [Irep + i ()]
= ViIrep + Rieplfep + RLED .. (5)

We checked that for modulation below i(t) < 0.3I1gp,
the accuracy of (5) is better than 0.3%. We assume that the
DC bias is chosen such that the clipping artefacts can be
neglected, then the optical power is equal to the DC bias I1gp
[26]. For an underclipped OFDM, detailed calculation on the
clipping noise can be found elsewhere [11], [27].

The modulating current is also expressed as i(t) =
a ()l gp, where the modulation «(¢) is normalized to the
LED DC current I;gp with —1 < «a(t) < 1. Thus the
extra electrical power, relative to unmodulated illumination is
Papco = Riepis,, = Riepos, 17y, thus, it is a function of
the root-mean-square modulation index o ,s = +/E[a2(2)],
which is equivalent to the square root of the ratio of the AC
power over the DC power. Fig. 2 gives a graphical interpre-
tation of this mechanism behind the extra power loss in the
LED for DCO-OFDM. In later sections, we want to express
the received Signal Noise Ratio (SNR) as a function of the
extra power spent at the transmitter. If we include the DC bias,
the ratio of the power that effectively contributes to the SNR
over the total consumed power is

n = Papco
Ppias + Papco
_ RLEpl T ©)
© Viliep + Reep (14 a2,,) Iy
It results in a received SNR of
SNRpco = RXTs _ azszsafms 20 %

No No
where the equivalent bandwidth 1/7 is derived from the
symbol rate [28]. For VLC, where illumination is needed
anyhow, we take this SNR from extra power as a benchmark.
For reference we define the normalized SNR

a*b? T

NoRrED

YDCo = Papco. ()
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FIGURE 2. Explanation of the extra power loss in the LED for DCO-OFDM.
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A. DCO-OFDM IN IR
For the case of IR communications, where the bias only
serves to carry the data signal, it is more useful to express the
channel capacity as a function of total consumed power Ppco,
thus including the DC bias power. This gives the normalized
capacity as

Cpco 1

a?b>T,
=3 log, (14 NoRLeD nPpco | - ©))
s

The modulation index «(#) is usually optimized to maxi-
mize 7 but with sufficiently low clipping noise, not to cause
excessive bit errors. In particular, the normalized capacity as
in (9) is also called the spectral efficiency.

B. DCO-OFDM IN VLC
The normalized capacity for DCO-OFDM is thus

Cpco 1 1
= ~logy(1 + SNRpco) = > logy(1 + ypco),
S 2 2
(10)
where f; = 1/T; and (10) is used in later comparisons
for VLC.

IV. ACO-OFDM, FLIP-OFDM AND PAM-OFDM

In ACO-OFDM, only the odd subcarriers carry data symbols,
while the even subcarriers are set to be zero. The resulting
real-valued signal is further clipped, which ensures that the
transmitted OFDM signal meets the non-negativity require-
ment [4]-[7]. The clipping discards half of the original signal
power and the remaining part is split evenly among even and
odd subcarriers [6].
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In Flip-OFDM, a real signal is obtained after IFFT by
imposing the Hermitian symmetry property. We can then
decompose this signal as x [k] = x7 [k] + x~ [k], where
x [k] and x~ [k] are the positive and negative parts respec-
tively. These two components are separately transmitted over
two successive OFDM symbols [6].

In PAM-OFDM, one-dimension PAM signal is used to
modulate the imaginary part of each subcarrier [9], [29].
Similar to ACO-OFDM and Flip-OFDM, Hermitian sym-
metry applies to the modulated subcarriers in the frequency
domain such that the real signal is obtained after IFFT. Then,
the signal is also clipped at zero, to ensure positive signal was
transmitted over IM/DD channel.

ACO-OFDM, Flip-OFDM and PAM-OFDM signal have
the same probability density function (pdf) with a “clipped
Gaussian” distribution. Moreover, they result into the same
SNR, although the noise power of the Flip-OFDM is doubled
during the recombination process of the positive and negative
subframes while the signal power is also doubled from the
received power.

ACO/Flip/PAM-OFDM signal have a fixed pdf, with a
parameter for a different bias strength (mean) and modulation
(variance). This implies that for a given LED and current
setting, they have only one choice for the power penalty for
modulation. This penalty can be substantial. For instance,
a Luxeon LED may have Rrgp = 1 Ohm, I;gp = 350 mA
with V; = 3.0 Volt. Illumination power is about VjIrgp +
Rieplty, = 1172 mW. As we will see later, modulation
power is Papp = (t — DRieplyp = ( — 1) - 1 -
0.35% = 262.3 mW. So the penalty is 22.4%. In some cases,
for instance for energy efficiency certification, this is pro-
hibitively large. Nonetheless all ACO-OFDM, Flip-OFDM
and PAM-OFDM can be interesting. Here we analyze the
Flip-OFDM, and the results apply to the ACO-OFDM and
PAM-OFDM due to the similarity of their statistic properties.

In Flip-OFDM, the signal has a pdf of

Fi = Loy 4+ — LD e (2 (11)
1) = —oll 5
2 Voworr - \202,

where U (i) is the step function and oprjp is the standard
deviation before clipping the negative part. The expected
value of the LED current is

1 /2 1
MFLIP = 54| =OFLIP = \| 5~ OFLIP- (12)
2V 2

The mechanism of the extra power loss in the LED
for ACO/Flip/PAM-OFDM is shown in Fig. 3, where
we intuitively see that with the same Irgp more extra
power for ACO/Flip/PAM-OFDM is introduced compared to
DCO-OFDM in Fig. 2.

A. ACO-OFDM, FLIP-OFDM AND PAM-OFDM IN IR

For IR, in contrast to previous papers that consider the opti-
cal power, we will benchmark based on the total consumed
electrical power, including DC bias. In the LED, it consumes

VOLUME 7, 2019
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FIGURE 3. Mechanism of the extra power loss in the LED for
ACO/Flip/PAM-OFDM, where we assume p4co = itrp = pam = lLep-

a power of

Prrip = E[ViepILED]
= VyElep] + ReepEU g, (13)

where, considering that the signal is positive with probability
1/2 we use E[l gp] = ofpip/~/2m and E [IEED] = U%LIP/Z.
Thus, the consumed power is
Viorip 1 5
Prrip = —— + =Riepozyp. (14)
m 2 FLIP
This allows us to express the capacity in terms of the total
consumed power Prrp. That is, we solve the roots of the
above polynomial expression in ogyp,

V2
B —V—2’7 + \/ 7= + 2RiEpPFLIP
OFLIP = R . (15)
LED

After recombining the two blocks in Flip-OFDM, the sig-
nal has power UFZUP, while the noise is doubled. Thus this
system has the normalized capacity

212 2
CrLip 11 |:1 + a‘b TVUFLIP] ’ (16)

-1
T, 22 °%2 2No

where only the positive root in (15) is relevant in this calcu-
lation. Note that, in PAM-OFDM, the O-th and N /2-th sub-
carriers are usually not modulated with data and thus channel
capacity decreases. However, when the number of subcarriers
is large, this effect of capacity loss can be neglected.

B. ACO-OFDM, FLIP-OFDM AND PAM-OFDM IN VLC

In VLC, a certain light intensity must be achieved. This
dictates the average current through the LED. To achieve
the same light intensity as a DCO-OFDM signal, we must

VOLUME 7, 2019

have uaco = mrLip = pam = ILep- Thus, the non-negative
OFDM signal must adhere to

oFLip = V2l Ep. o))
Thus
Lo UG i?
S = z6()+ exp 3 . (18)
2 2l ED b .

The LED consumes a power of

o0
Prrip = E[Viepliep] = / (Vy + Reepd)if (Ddi
0

1
= Vylpep + ERLEDU p

= Viliep + nRLepI g (19)

Thus the extra power, above illumination only is

T —
Paruip = (7 — DRpgplfgp = —5—Papco.  (20)

rms

where we can clearly see that for the same I7 gp, Flip-OFDM
consumes more extra power than DCO-OFDM, regardless of
the modulation depth (0 < «jy,s < 1), which confirms the
intuition from Fig. 3. Yet, it also gives a better SNR, namely,

212 2
PRXTS _ ab GFLIPTS

2Ny 2Ny
a*b* T,

SNRprip =

T
Itgp = ——SNRpco.  (21)

rms

=T

Comparing (20) and (21) we conclude that the SNR grows
7 /(7 — 1) faster than the power consumption. We express the
SNR from the extra power for Flip-OFDM, as

a?b?Ty 2, T a?b>T,
LED — T —1 NORLED

VFLIP =T Parup. (22)

Yet, we see that with DCO-OFDM any arbitrary extra
power Papco can be selected, particularly including small
extra powers that fit in typical certified energy-efficient
modes. Yet, in Flip and ACO-OFDM, Parrp has a fixed
relation to the illumination level, and can only work in a
regime where the extra power relatively large. A direct com-
parison between DCO-OFDM and ACO/Flip/PAM-OFDM is
complicated by the finding that for VLC no operational point
can be found where both schemes have the same DC bias
(same illumination level) and the same extra power.

Two ways to overcome the disadvantage that one can only
operate ACO/Flip/PAM-OFDM at a full modulation depth
are 1) to duty cycle, i.e., to run ACO/Flip/PAM-OFDM in
a small percentage of time and to use unmodulated DC bias
for the remaining time, and 2) to add a DC bias, in fact we
see this as a special case of ADO-OFDM in next section with
s = 0 but Ipco > 0.

98323
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FIGURE 4. ACO/Flip/PAM-OFDM with duty cycling.

C. DUTY CYCLING IN ACO/FLIP/PAM-OFDM VLC
To evaluate in which VLC scenarios ACO or Flip OFDM
can be attractive when only a limited extra power budget is
available, we consider duty cycling. We pose the question
whether it is attractive to run a power-efficient clipped OFDM
during a fraction of time & (0 < & < 1), as shown in Fig. 4.
To compare Flip-OFDM and DCO-OFDM for the same
illumination level (I gp) and the same extra power P for
VLG, the duty cycle £ must satisfy

2

g = s (23)
T —1

That is, in this regime ACO-OFDM need to run at quite
low duty cycles, to avoid that consumes excessive amounts
of power. For Flip-OFDM in VLC, we find the normalized
capacity as

Crp £1 [ T }
= =—=lo 1+ SNRpco
fooo22 T,
511 1+1 n a*b*Ty
=2—-1lo - 7%
228 T e 7 1 NoRugp 2P
£1 [ 1 n
=221 14+ - . 24
220g2_+§n_1VDCO (24)

We see that for the same I;gp, Flip-OFDM does have a
larger SNR, as designed for, but the capacity is halved due
to the flipping process. Moreover, as reflected in (24) only a
fraction of time of &£ contributed. We discuss numerical exam-
ples in section VI. We also acknowledge that duty cycling
may not be easy to implement, if high light quality without
any flicker is demanded. We showed in [14] that during
periods of modulation, the light output slightly drops due to
convexity and nonlinearities in light output vs current (e.g.
droop). So, unless corrected for, the perceived light output
may slightly vary with the traffic load &, and if on or off
periods are longer than a few milliseconds, flicker may be
visible.
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V. ADO-OFDM AND HACO-OFDM

To mitigate the reduction in spectral efficiency by a factor
of 1/2 in ACO/Flip/PAM-OFDM, it has been proposed to
include a DC-biased OFDM signal on the orthogonal dimen-
sions, e.g. ADO-OFDM, HACO-OFDM, enhanced U-OFDM
(EU-OFDM), spectral and energy efficient OFDM (SEE-
OFDM), and Layered ACO-OFDM. This paper analyzes
ADO-OFDM and HACO-OFDM. Other variants can be mod-
elled similarly.

A. ADO-OFDM

1) IR SCENARIO

In ADO-OFDM, ACO-OFDM and DCO-OFDM are com-
bined. ACO-OFDM is transmitted over the odd subcarriers
and DCO-OFDM is transmitted on the even subcarriers [5],
[11]. In particular, an interference cancellation is necessary
before the demodulation of the even subcarriers, while odd
subcarriers can be demodulated in a similar way as for con-
ventional ACO-OFDM [5], [30].

To calculate the LED power consumption, the pdf of ADO-
OFDM signal can be derived by convolving the pdf of ACO-
OFDM and that of DCO-OFDM. However, it turns out there
is no closed form solution to describe the electrical power [5].
We take the advantage that the ACO-OFDM siganl and DCO-
OFDM signal for ADO-OFDM are independent and thus the
electrical power for each of them can be calculated individ-
ually. Considering all contributions, the power consumed in
the LED add up to

o
Papo = El[Viepliep] = / (Vs + Reepd)if (Ddi
0

= VyElrep] + ReepEU ep]
= V;jElpco + lacol + RrepE [(IDCO + IACO)Z]

= V;ElIpcol + ViElacol + RiepE [If)co]

+2R1 epE[IpcolEllacol + RiepE [Iico]

Viyoaco 2 2
= VyIpco + e + Riep (1 + arms) Ipco
oaco . Riep 5
+2R1epIpco——= + —— . (25)
o 5 Jico

The normalized channel capacity of ADO-OFDM is calcu-
lated by

Capo 11 avt 5,
2 = EE log2 (1 + marmleCO
e [ 22 (26)
—— —0 .
37 j25) 2N, ACO

In particular, we consider the 3-dB noise increment on
the DCO-OFDM component of ADO-OFDM caused by the
interference cancellation process [5], [30]. Thus a factor of 2
is included in the noise for the capacity calculation for the
DCO-OFDM on even subcarriers.

So, for a given power budget P4pop, one can optimize the
farction of power spent on ACO and DCO contributions.
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2) VLC SCENARIO
For a constant illumination level I; gp, we have the freedom
to choose how we split the power, subject to

Irep = Ellpcol + Ellacol = Ipco + qaco. 27

Nz

For this VLC configuration, the extra power in ADO-
OFDM is

Paapo = Papo — Vilrep — Riepliep. (28)
So, the channel capacity is calculated by
Capo 11 a?b? )
T Ezlogz 1+ marmleCO
11 a*b? 2
i 1 [\/2 Iiep — 1, ] .
+22 0g2|: +2qus 7 (ILep — Ipco) :|
(29)

B. HACO-OFDM

1) IR SCENARIO

While in HACO-OFDM, ACO-OFDM is transmitted on the
odd subcarriers and PAM-OFDM is transmitted on the even
subcarriers [9], [11]. Similarly, the power consumed in the
LED is

Praco = ViElIpay + Iacol

+RrepE [(IPAM + IACO)Z]
=V ;Ellpam] + VsEllscol+RrepE [112)AM

+2R epEllpam 1E[lacol+RrepE [1 1o

_ Vy(opam + 0aco0)

2w
1
+RLED {EU}%AM +

—_

opamoaco | 1
—+§ajco}. (30)

The channel capacity of HACO-OFDM is calculated by

Craco 111 abt
= —log, |14+ £
Iz 277108 + 2NQfVGPAM

2b2
ZNMCSUACO} €29)

Since the interference cancellation process also applies to
the demodulation for PAM-OFDM signal [9], the noise level
is doubled. However, PAM is modulated on the imaginary
part of all the subcarriers in traditional PAM-OFDM while
it only occupies the imaginary part of the even subcarriers in
HACO-OFDM. Thus, in total, the received SNR is the same
in calculating the capacity for PAM-OFDM signal, assuming
that O'I%A 18 the variance before clipping in PAM-OFDM.

10g2 [1 +

2) VLC SCENARIO
For a constant illumination level I; gp, we have

opAM + 0ACO

32
N (32)

I1ep = Ellpam ] + Ellacol =
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TABLE 1. Parameters for the LED model and VLC channel.

Parameter Interpretation Value

Vy Junction voltage 3.0 Volt
RrLED Dynamic and ESR resistance 1 Ohm
ILeD DC bias current 350 mA

ho Optical channel DC gain 3.5 x 106
q Electron charge 1.6 x 10—19
Rp Feedback resister in RX preamplifier ~ 10* Ohm

k Boltzmann’s constant 1.38 x 10723
T Absolute temperature 300 K

a Responsivity of LED 1 W/A

b Responsivity of PD 1 A/W

fs Equivalent bandwidth 10 MHz

In this VLC configuration, the extra power spent on
HACO-OFDM is

Paraco = Praco — Viliep — Riepligp. (33)
So the channel capacity is calculated by

Chaco 111 a?b?
—— =555log, 1+WU}%AM

fs 222
2
(“/_ILED — UPAM) ] .
(34

— 1 1
0g2|: +2N0fs

VI. PERFORMANCE EVALUATION AND COMPARISON

We assume a preamplifier in the receiver with a feedback
resister of R = 10 kQ. As a result, the PSD of the thermal
noise is 1.6 x 1072* A%/Hz. All parameters used in the
evaluation and comparison are listed in Table 1. Although
the spectrum efficiency only depends on the electrical SNR,
the equivalent bandwidth f; is specified explicitly to calculate
the energy efficiency and the noise power in SNR. As a matter
of fact, our model and results apply generically and other
systems can be evaluated by linear scaling of the curves,
accordingly.

A. CAPACITY AND SNR COMPARISON FOR VLC

For equal illumination, I7gp, the ratio of Flip-OFDM SNR
over DCO-OFDM SNR is 7 /a2, For instance, when
oms = 0.3, the ratio is 34.9, which however comsumes more
extra power. For a meaningful comparison of VLC, we set the
same extra power budget and same illumination level (/7 gp),
for which we introduced duty cycling. Two extremes give
limiting cases.

1) HIGH SNR REGION (ypco > 2)
For high SNR, we can approximate Eq. (24) by

C 1
FLIP —é [logz(ypco) + log, < ) — log, é} .
(35)

fs 22

This leads to a capacity bonus of logz( 1)) bits per sym-
bol due to improved SNR (0.553 bits per used dimension
more, plus a boost by log, ). Yet, as every ACO/Flip/PAM-
OFDM symbol only partially carries data bits with a
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loss of £ /2. Compared with DCO-OFDM using Eq. (10) and
(23), we have
C log, (7 /[§(r — D]
FLIP —§|:1+ gz( /5 )i|

1

Cpco 2 log,(ypco)
2(r — 1) logy(ypco) |’

which is a increasing function with «,,s by judging its first-

order derivative. Since 0 < «,,. < 0.3 and ypco > 2,

we always have Crrpp < Cpco. Thus, ACO/Flip/PAM-
OFDM is counterproductive for VLC at high SNR.

2) LOW SNR REGION
For low SNR (ypco — 0), we can make a series expansion

Crup 11 ( b/ )
X ==§| 70— | ¥pco-. 37
fs 22 E(r—1)
So, we have
C 1
e~ (XY ~0.73, (38)
Cpco 2 \m—-1

which means ACO/Flip/PAM-OFDM only has 73% of the
capacity of DCO-OFDM if we allocate the same mean (illu-
mination) power and the same extra power for communica-
tion. Thus, in low SNR region of VLC, one should also not
use ACO/Flip/PAM-OFDM.

For low-power IoT data transfer via VLC, one can com-
pare the achievable bit rate given a tiny amount of extra
power on top of illumination power. So one can trade-off
ACO/Flip/PAM-OFDM with a low duty cycle (occasional)
bursts of relatively high rate or DCO-OFDM with a low
modulation depth. Typical MAC protocols will anyhow auto-
matically opt for a low duty cycle, which however at the
cost of much capacity loss. Fig. 5 shows the large capacity
difference for a wider range of SNR, where o5 is swept from
0t0 0.3, for DCO-OFDM, while the corresponding duty cycle
& that comsumes the same extra power ranges from 0 to 4.2%.

To further compare the performance, we consider a com-
mercially available LED. Fig. 6 shows the SNR and chan-
nel capacity versus the extra power consumption. The Duty
cycling is used to ensure the same average extra power
consumption for ACO/Flip/PAM-OFDM, while the SNR is
kept constant during the time, i.e., SNRprjp = 53.7 dB.
We clearly see that ACO/Flip/PAM-OFDM has larger SNR
than DCO-OFDM in this case. In this low extra power
regime, DCO-OFDM outperforms ACO/Flip/PAM-OFDM,
which has capacity penalty due to duty cycling (very time
inefficient), clipping or flipping. On the other hand when
we fully exploit ACO/Flip/PAM-OFDM at full duty cycle
& = 1 and average current Irgp = 350 mA, thus imposing
average optical power but not imposing allowing any extra
electrical power, a Paaco/riip/pam = 0.26 W yields an
SNR of 53.7 dB, and delivers 4.46 bis/s/Hz. This is not
explicitly shown since Paaco,Fiip/pam = 0.26 W is signifi-
cantly beyond the x-axis values in Fig. 6 that can be used for
DCO-OFDM.
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FIGURE 5. Capacity of VLC with a constant illumination (/;p = 350mA)
and small extra power for communication. arms is swept from 0 to 0.3 for
DCO-OFDM, accordingly, ¢ ranges from 0 to 4.2% for
ACO/Flip/PAM-OFDM with same extra power.
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FIGURE 6. Received SNR and channel capacity versus extra electrical
power for VLC with a constant illumination (I gp = 350mA). arms is swept
from 0 to 0.3 for DCO-OFDM, accordingly & ranges from 0 to 4.2% for
ACO/Flip/PAM-OFDM with same extra power.

B. SPECTRAL EFFICIENCY AND ENERGY

EFFICIENCY FOR VLC

Fig. 7 shows the spectral efficiency versus energy efficiency
for DCO-OFDM, ACO/Flip/PAM-OFDM, ADO-OFDM and
HACO-OFDM. All cases have the same illumination level
as Irep = 350 mA, but not necessarily with the same
extra power. As we can see, DCO-OFDM outperforms other
schemes in terms of both spectral and energy efficiency.

The detailed performance for ACO/Flip/PAM-OFDM,
ADO-OFDM and HACO-OFDM is seen in a subfigure of
Fig. 7. By increasing &£ in ACO/Flip/PAM-OFDM, the energy
efficiency stays constant, governed by Eqgs. (20) and (24).
Point A (star) covers a fully loaded ACO/Flip/PAM-OFDM
with & = 1. In Point B only DCO-OFDM (on even

VOLUME 7, 2019



X. Deng et al.: DC-Bias for Optical OFDM in Visible Light Communications

IEEE Access

M ‘ ‘ DCO-OFDM
™ = = +ACO/Flip/PAM-OFDM
6 I ‘g‘ ......... ADO-OFDM
- : ===='HACO-OFDM
£ : % ACO/Flip/PAM-OFDM, ¢=1
3 5 : T
= H e
2 T e
g4 /.f",x/”/’
c Al
8 5 &
b= A
°3f B »
£ 4 A
2 A
8 2k /
g 2,|> 3t I' 1
2 I Il 1
11 cl
! 1 2 3 4 5
‘ ‘ ‘ ‘ x10"
0 1 2 3 4 5
Energy efficiency (bits/s/J) «1017

FIGURE 7. Spectral efficiency versus energy efficiency for DCO-OFDM,
ACO/Flip/PAM-OFDM, ADO-OFDM and HACO-OFDM, VLC. All cases are
configurated with /;zp = 350 mA for a constant illumination level. Point
A (star) indicates the unique configuration for ACO/Flip/PAM-OFDM
with & = 1. Point B means only the DCO-OFDM over even subcarriers
contributes the communication and illumination in ADO-OFDM,

similar to point C but with only PAM-OFDM on even subcarriers

in HACO-OFDM.

subcarriers) contributes to communication and illumina-
tion in ADO-OFDM. Similarly, point C runs only PAM-
OFDM on even subcarriers for HACO-OFDM. As expected,
if we only send data over even subcarriers, the spec-
trum efficiency drops dramatically. Moreover, ADO-OFDM
appears more efficient both in spectrally energy-wise than
HACO-OFDM. This is understood as DCO-OFDM can
carry more information than PAM-OFDM over the even
subcarriers.

Fig. 7 indicates that both ADO-OFDM and HACO-OFDM
have an optimal efficiency point at a balanced load. A reason-
able trade-off is to weight the energy efficiency and spectral
efficiency equally, and then find the maximum of their prod-
uct. Fig. 8 shows the energy efficiency x spectrum efficiency
versus ratio of electrical power on ACO-OFDM subcarriers
with a constant illumination. To calculate the power ratio,
we particularly use the current ratio of the ACO-OFDM
contribution over the average current to split the mixed term
of the power consumption in (25) and (30). As we can see,
the optimal ratio for ADO-OFDM is 8.5% of the power on the
odd subcarriers, while we should spend 53% of the power on
odds subcarriers for HACO-OFDM to achieve balanced per-
formance. Moreover, the big performance difference between
ADO and HACO-OFDM is mainly due to the inefficient
PAM-OFDM signal on even subcarriers in HACO-OFDM,
compared to the efficient DCO-OFDM signal in ADO-
OFDM. In VLC case with a required current level, we con-
clude that the traditional PAM-OFDM is inefficient both from
spectrum and energy perspective than DCO-OFDM, and thus
the combined effect in terms of the product in Fig. 8 for
hybrid ADO-OFDM and HACO-OFDM becomes very
noticeable.
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FIGURE 8. Energy efficiency x Spectrum efficiency versus ratio of
electrical power on ACO-OFDM subcarriers for VLC with a constant
illumination (I zp = 350mA). The power splitting ratio is the electrical
power spent on odd subcarriers with ACO-OFDM to the total power in
ADO-OFDM or HACO-OFDM.

C. CAPACITY AND SNR COMPARISON FOR IR

For IR, where any bias only serves to carry the data signal,
it is more useful to express the channel capacity as a function
of total consumed power, thus including the DC bias power,
as in Egs. (9) and (16). Fig. 9 (left) shows the SNR versus
the total consumed power, for the parameters in Table 1.
Interestingly, although there is a 3 dB SNR penalty due to
the flipping process, Flip-OFDM offers a greater SNR than
DCO-OFDM, for a case where they consume the same total
power. This agrees with reported simulations work [8], [31].
This improved SNR over DCO-OFDM is not as pronounced
for IR (total power) as for VLC (extra power) where a large
DC bias is necessary.

The channel capacity versus the total power consumption
is shown in Fig. 9 (right). The capacity curves cross each
other. In fact, for low signal power, boosting the SNR is
more relevant and outweighs the effect that only half the
number of dimension is utilized. The latter effect becomes
dominant when strong signals are received. We conclude that
DCO-OFDM and ACO/Flip/PAM-OFDM each have their
own merits, but in very different operational regimes.

D. SPECTRAL EFFICIENCY AND ENERGY
EFFICIENCY FOR IR
Fig. 10 shows the spectral efficiency versus energy efficiency
for DCO-OFDM and ACO/Flip/PAM-OFDM in IR case.
We can see that, DCO-OFDM outperforms ACO/Flip/PAM-
OFDM in high SNR region (> around 10 dB). While in
low SNR region, ACO/Flip/PAM-OFDM exceeds DCO-
OFDM, which further confirms the effect of large capacity
for ACO/Flip/PAM-OFDM with low SNR.

Fig. 10 also shows the spectral efficiency versus energy
efficiency for ADO-OFDM and HACO-OFDM, where we
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FIGURE 9. Received SNR and channel capacity versus total consumed
power for DCO-OFDM and ACO/Flip/PAM-OFDM, IR.
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FIGURE 10. Spectral efficiency versus energy efficiency for DCO-OFDM,
ACO/Flip/PAM-OFDM, ADO-OFDM and HACO-OFDM, IR. In DCO-OFDM,
the bias only serves to carry data, thus we use a bias such that «yms = 0.3.

equally assign the same amount of power on odd and
even subcarriers. It comfirms that ADO-OFDM and HACO-
OFDM can improve the energy efficiency in DCO-OFDM
and improve the spectrum efficiency in ACO/Flip/PAM-
OFDM, to achieve a balanced performance.

However, for a given power budget, one can evenly or
asymmetrically split power onto odd and even subcarriers.
Fig. 11 shows the spectral efficiency versus energy efficiency
for ADO-OFDM and HACO-OFDM, given a power budget
for IR. The performance of odd and even subcarriers is also
included. In particular, we notice the poorer performance
on the subcarriers compared to traditional DCO-OFDM and
PAM-OFDM due to practical implementations, for instance
the noise increase during interference cancellation process.

In this case, there is no significant energy efficiency
improvement in ADO-OFDM and HACO-OFDM, while the
spectral efficiency depends on the proportion of power spent
on the subcarriers. In fact, for HACO-OFDM signal, point
A indicates all the power budget is on even subcarriers
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FIGURE 11. Spectral efficiency versus energy efficiency for DCO-OFDM,
ACO/Flip/PAM-OFDM, ADO-OFDM and HACO-OFDM, given a power
budget for IR.

15
35 10"

25

Energy efficiency x Spectrum efficiency

ADO-OFDM
*HACO-OFDM

0 . . . . . .
0 0.1 02 03 04 05 06 07 08 09 1

Ratio of electrical power on ACO-OFDM subcarriers

FIGURE 12. Energy efficiency x Spectrum efficiency versus ratio of
electrical power on ACO-OFDM subcarriers, given a power budget for IR.
The power splitting ratio is the electrical power spent on odd subcarriers
with ACO-OFDM to the total power in ADO-OFDM or HACO-OFDM.

with PAM-OFDM; then the ACO-OFDM on odd subcar-
riers increases the power consumption, arriving at point
C. Similarly, ADO-OFDM starts from point B with only
DCO-OFDM on even subcarriers, until to point C with only
ACO-OFDM on odd subcarriers. Both ADO-OFDM and
HACO-OFDM indicate a optimal power splitting point given
a power budget.

To find the optimal trade-off, Fig. 12 shows the energy
efficiency x spectrum efficiency versus ratio of electrical
power on ACO-OFDM subcarriers given a power budget.
We notice the optimal ratio for ADO-OFDM is 47% of the
power on the odd subcarriers and 69% for HACO-OFDM,
which is different from VLC case. While similar to VLC,
ADO-OFDM and HACO-OFDM have the same performance
when the ratio equals 1, since only the odd subcarriers carry
data. In particular, VL.C is more energy efficient than IR case
since the data communication reutilizes parts of the DC power
for illumination.
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TABLE 2. Comparison summary of DCO-OFDM, ACO/FLIP/PAM-OFDM, ADO-OFDM, and HACO-OFDM.

IR VLC

Parameter DCO A/F/P ADO HACO DCO A/F/P ADO HACO

L H L H L H L H L H L H L H L H
Energy efficiency - + +H+ -+ + o+ o+ - - = = = =
Spectrum efficiency + ++ - - 4+ + o+ o+ o+ H+ - = = = = =
PAPR ++  ++ - - - - - -+ - = - - - -
Complexity ++ 4+ - e = T = N
Nonliearity tolerance ~ ++  ++ - - - - - e - - -
Latency ++ - - e = . - - - - - -

— means worst; - means bad; + means good; ++ means best; L means low SNR; H means high SNR. A/F/P
means ACO/Flip/PAM. Except for the low SNR of IR case, we conclude that DCO-OFDM is more efficient than
ACO/Flip/PAM-OFDM in terms of both energy and spectrum efficiency.

To this point, the efficiency along with other comparisons
for DCO-OFDM and its variants both in VLC and IR case are
summarized in Table 2.

VII. CONCLUSION

We witness a continuous effort in improving the energy
and spectrum efficiency for basic DCO-OFDM in optimal
wireless communications. We confirm that unipolar variants
of OFDM outperform DCO-OFDM in low-SNR regions for
IR communications. However, when taking into account that
a DC bias is required for illumination anyhow, we found
that DCO-OFDM is more appropriate than its variants such
as ACO/Flip/PAM-OFDM. Even in traditional IR communi-
cation where the bias only serves to carry the data signal,
DCO-OFDM is still a more appropriate modulation scheme
to achieve both high spectrum and energy efficiency in high
SNR region. To be specific, ACO/Flip/PAM-OFDM is inef-
ficient if the extra electrical power w.r.t. illumination is used
as benchmark. Although a 3 dB penalty is applied in the SNR
of ACO/Flip/PAM-OFDM, ACO/Flip/PAM-OFDM offers a
greater SNR than DCO-OFDM if they consume the same
extra/total power. However the increased SNR still cannot
compensate the spectrum inefficiency, resulting into lower
overall efficiency compared to DCO-OFDM.

Hybrid ADO-OFDM and HACO-OFDM can achieve a
balanced spectrum and energy performance in IR case, but
we still notice DCO-OFDM is more energy and spectrum
efficient than its variants in VLC where the DC bias is for free.
Given a illumination level constraint in VLC and power con-
straint in IR, there is a different optimal power splitting ratio
on odd and even subcarriers in ADO-OFDM and HACO-
OFDM. In general, other techniques attempt to achieve the
same spectral efficiency as DCO-OFDM by adding several
unipolar signals. This increases complexity at the transmitter
and the receiver, since several signals are transmitted/received
in parallel, requiring several FFTs, etc. In addition, to demod-
ulate the signals interference cancelation is required, which
adds noise; one signal is demodulated first and its contribu-
tion is subtracted from the received signal before demodulat-
ing the rest of the signals, which also increases latency.
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