5488

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 36, NO. 23, DECEMBER 1, 2018

Compensation of Sampling Frequency Offset With
Digital Interpolation for OFDM-Based Visible Light
Communication Systems

Qingging Hu "7, Xianqing Jin

Abstract—Compared with the traditional wireless communica-
tion systems, a visible light communication (VLC) system with in-
tensity modulation and direct detection suffers nonlinearity and
bandwidth-limitation of practical light emitting diodes (LEDs),
which affect the synchronization and transmission performance
of an orthogonal frequency division multiplexing signal. To im-
prove the system spectral efficiency for relatively high capacity,
an effective scheme for compensation of a sampling frequency
offset (SFO) is required to achieve a high-signal-to-interference-
plus-noise ratio (SINR). From the practical system design point of
view, a fourth-order piecewise polynomial interpolator using the
Farrow structure is proposed to digitally compensate SFO for the
VLC systems. The LED nonlinearity causes extra high-frequency
components in the signal spectrum, which may aggravate the alias-
ing effect when digital compensation of SFO is applied at the re-
ceiver. A theoretical study is, therefore, given to the impact of both
the LED nonlinearity and SFO-induced intercarrier interference
on the SINR based on a second-order polynomial nonlinear LED
model. It is shown that the minimum required oversampling rate
for achieving the maximum SINR using the fourth-order interpo-
lator is reduced by approximately 15% and 50% compared to the
second- and third-order interpolators, respectively. Both numeri-
cal and experimental results indicate that the proposed scheme can
be used to effectively compensate a local oscillator frequency offset
up to £1000 ppm at a minimum oversampling rate of 1.3 at the
receiver.

Index Terms—Digital signal processing, light emitting diode,
orthogonal frequency division multiplexing, sampling frequency
offset, synchronization, visible light communication.

I. INTRODUCTION

ISIBLE light communication (VLC) has been considered
; as a promising technology for future high-speed and/or
green communication systems [1]—[6] since it can address the
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bandwidth challenge in the current wireless communication
systems. In theory, VLC can offer a 1000 times greater band-
width compared to the radio frequency (RF) communications
[4]. In a cost-effective VLC system with commercially available
white light emitting diodes (LEDs), intensity modulation/direct
detection (IMDD) is preferable. However, the modulation band-
width of the IMDD VLC systems is usually several MHz without
optical filtering and equalization [5].

In order to improve signal spectral efficiency for high-speed
VLC transmission, advanced modulation techniques including
OFDM [3], [6] and carrier-less amplitude and phase (CAP)
modulation [7] have been widely investigated in recent years.
Both techniques can be used to mitigate the link bandwidth
limitation effect by minimizing attenuation experienced on all
subcarriers/sub-bands. Comparison between high-speed OFDM
and multi-band CAP transceivers was reported in [8], which
shows almost identical complexity of digital signal processing
(DSP). In addition, for a large number of subcarriers/sub-bands,
implementation of the inverse fast Fourier transform (IFFT)/FFT
for OFDM is more efficient than the square-root raised cosine
(SRRC) filters for multi-band CAP. Therefore, a small num-
ber of sub-bands is preferable for low-complexity multi-band
CAP-based VLC systems, which however restricts the band-
width flexibility. Owing to the adaptive bit and power loading on
each subcarrier [3], [6], OFDM-based VLC systems have advan-
tages of high spectral efficiency and flexible bandwidth/power
allocation.

In an OFDM-based VLC system with high spectral efficiency,
relatively precise synchronization is required since sampling
frequency offset (SFO) introduces severe interference between
adjacent OFDM subcarriers (inter-carrier interference, ICI) [9],
[10]. SFO usually occurs due to mismatch of sampling clocks
between the transmitter and receiver oscillators. In practice, the
inherent instability of the transmitter and receiver oscillators
causes clock frequency to fluctuate with time and temperature. In
general, the clock frequency linearly increases with increasing
temperature, which results in a typical frequency variation of
1.8% over an ambient temperature range from 0 °C to 85 °C [11].
Many standards for wireless communication systems specify
an acceptable packet error rate for clocks with a tolerance of
420 ~ 25 ppm [12]. In addition, the nonlinear transfer function
(P-U curve) of LEDs causes extra new frequency components
inside/outside the OFDM signal spectrum, which may affect the
synchronization performance.
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There are several different methods for the sampling fre-
quency synchronization, which can be categorized in the follow-
ing two types: 1) Synchronous mode: Sampling at the receiver
can be synchronized to the symbol rate of the incoming sig-
nal with the feedback/feedforward information about estimated
SFO for adjustment of the phase of a local clock [13]-[16].
Such a method has a large timing fluctuation due to high-level
phase noise [17]. The receiver clock can also be synchronized
by transmitting a dedicated clock signal along with informa-
tion signal, which can be extracted at the receiver [18], [19].
However, this method requires additional analog circuits, which
increases not only system complexity, but also peak-to-average
power ratio (PAPR) of OFDM signal. 2) Asynchronous mode:
Digital processing of the sampled signal at the receiver is ap-
plied to mitigate the SFO effect without altering the local clock.
This can be realized by multiplying the signal after FFT (or
before IFFT) with an exponential term derived from the esti-
mated SFO to compensate phase error on each subcarrier at the
receiver (or transmitter) [20]-[30], or interpolating the sampled
signal to construct a resampled signal at the same sampling
frequency as the transmitter [31]. For the former scheme of
digital SFO compensation using the phase rotation correction
term, the SFO effect can be partially mitigated because the ICI
between subcarriers due to the SFO still exists. For the latter
scheme using the digital interpolation, the ICI can be well alle-
viated in the digitally resampled signal so that the SFO effect
is expected to be mitigated completely. In addition, the SFO
compensation with the digital interpolation takes advantage of
high-speed DSP, which has been widely used to mitigate the
signal distortion effect in either optical wireless or fiber links in
recent years. The sampling accuracy and/or speed requirement
for digital-analog/analog-digital converters (DACs/ADCs) can
thereby be relaxed with the scheme.

Compared with the traditional wireless communication sys-
tems, a VLC system with IMDD suffers nonlinearity and
bandwidth-limitation of practical LEDs, which affect the OFDM
synchronization performance. The motivation of this paper is to
explore an effective synchronization scheme for the OFDM-
VLC systems with high spectral efficiency. Investigation is fo-
cused on the digital compensation of SFO up to 1000 ppm
by considering the LED nonlinearity and bandwidth-limitation.
The impact of both the LED nonlinearity and SFO-induced ICI
on signal to interference plus noise ratio (SINR) is theoretically
investigated as the LED nonlinearity causes extra high frequency
interference that may affect the performance of the digital SFO
compensation. Therefore, an analytical expression for the the-
oretical SINR is derived for numerical evaluation. Along with
the discussion about the SINR, a fourth-order piecewise polyno-
mial interpolator using Farrow structure is proposed to digitally
compensate SFO. The transmission performance of the OFDM-
VLC systems employing the proposed scheme are numerically
and experimentally investigated in a 6-m LED-based VLC link
with a 3-dB bandwidth of approximately 6 MHz.

II. DIGITAL COMPENSATION OF SFO WITH A POLYNOMIAL
INTERPOLATOR USING FARROW STRUCTURE

Fig. 1 shows a block diagram of a typical OFDM-based
VLC system. At the transmitter, real-valued OFDM signal is
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Fig. 2. Digital compensation of SFO with a polynomial interpolator.

generated with input data of IFFT satisfying Hermitian symme-
try. After a DAC operating at a sampling frequency of f; = 1/T;,
the analog OFDM signal is used to drive the LED with bias volt-
age for VLC transmission. Therefore, the transmitted signal is
essentially DC biased optical OFDM (DCO-OFDM) signal. At
the receiver, optical intensity of the received OFDM signal is
detected with a photodiode (PD). The received electrical OFDM
signal is then digitized with an ADC at a sampling frequency of
fs before signal recovery in DSP including synchronization,
FFT and equalization. Given the instability of the transmit-
ter/receiver oscillators, the frequency of the receiver clock is
defined as f; = 1/Ts = Afi(1 4+ n), where A is oversampling
rate and 7 is SFO. The SFO is digitally compensated as shown
in Fig. 2. In this section, theoretical investigation is given to
the proposed digital compensation of SFO with a polynomial
interpolator using Farrow structure. The SINR due to the SFO-
induced ICI and LED nonlinearity is also analytically studied.

A. Sampling Frequency Offset (SFO)

For simplicity of analysis of the SFO effect, a linear channel
is initially assumed. The demodulated OFDM signal at the kth
subcarrier of the /th OFDM symbol is written as [9]

Yi(k) = eIk (N —=1+2IN,+2N,)/N sin(mnk) - Zy(k)H, (k)

N sin(mnk/N)
N-1
+ Z 6]'71'[(ifk'Jri'r])(N71)+2in(le+Ng)]/N
i=0,i%k

sin(m(i +in — k)) - Zi(i) H, (4)
Nsin(n(i +in— k)/N)

ny (k) ey

where N and N, are size of inverse FFT (IFFT) and cyclic prefix,
respectively. The symbol length N is thereby equal to (N +
Ny). Z; and H; are transmitted OFDM signal and frequency re-
sponse of the VLC channel, respectively. n; is complex noise. As
seen from Eq. (1), the SFO causes amplitude attenuation, phase
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rotation and ICI. Before the digital SFO compensation, the SFO
is estimated with scattered pilots after FFT [28]. The phase rota-
tion of the kth pilot subcarrier in the /th OFDM symbol is given
by ¢ = mkn(2INs + 2N, + N — 1)/N. With the phase dif-
ference of pilots between two OFDM symbols delayed by D
symbols (pilot period), 9; =Gk —Pi-pr = 2mN; an/N
the estimated SFO, 7, is obtained with (L-D) symbols

i = AN/(2xN,D) )
L p

=Y ka/L D)y k* 3)
l=D+1i=1 i=1

where k; is pilot index, and L is the number of OFDM symbols
used to average the estimated SFO. In Fig. 2, a feedback loop is
applied to track SFO at a resampling frequency given below

fi=1T, = f'/(1+7) “4)

where f;’ is the calculated resampling frequency in the previous
loop and its initial value is f5/A.

B. Digital Compensation of SFO

With the estimated SFO, a piecewise polynomial interpolator
with Farrow structure is used to construct a resampled signal
(311, [32],

y(nTy) =Y x(mT)hs (nT; — mTy) 5)

where h; is impulse response of the digital interpolator. The
advantage of the polynomial interpolator is that the interpolated
signal can be obtained without storing samples for calculation
of impulse responses. With the polynomial interpolation using
Farrow structure for high-speed systems, Eq. (5) can be derived
in the following form [31], [32],

y(nTL) = y((mn + MH)TS)
= Z (mn — 4)Ts]hr [(7 4 pn) 7]
i=1I
Iy Q
= Z z[(my, — 1) Z cq (1) pd 6)
i=1 a=0
where m,, = int[nT; /T;], p, = nT;/Ts —my,. c,(i) is coef-

ficients of the interpolation filter. The operator int[x] means
the largest integer not exceeding x. Here, a fourth-order piece-
wise polynomial interpolator (Q = 4) using Farrow structure
is proposed to improve the VLC transmission performance. As
shown in Fig. 3(a), it can suppress the spectral artifacts more
than 60 dB below the designed passband [33]. To verify the im-
proved transmission performance, the piecewise-parabolic (Q =
2) and cubic (Q = 3) interpolation filters are also investigated.
Compared with the 2nd (piecewise-parabolic) and 3rd (cubic)
order interpolators [32], [33], the spectrum of the 4th order in-
terpolator is flatter when f7; < 0.5, but attenuated more when
[T, > 0.5.

The controller in Fig. 2 is designed to calculate integer index
m,, and fractional interval p,, for the input of the interpolator
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aliasing effect (A = 1.0), signal bandwidth: 1/(27} ), (b) Measured/fitted P-U
curve of the LED, (c) Frequency response of the LED-based VLC link.

with the calculated 7} from the iterative calculator:

. T
Mp11 = My + 108 |y + T

— (pp+ & |+ L 7
Hn+1 = | Hn Tg —in Hn Te )

C. SINR Due to SFO-Induced ICI and LED Nonlinearity

To focus on theoretical investigation of the SFO compensa-
tion, an ideal DAC is assumed. At the transmitter, the LED is
driven by an electrical OFDM signal z(1):

u N/2-1 N/2-1

) =Vitg N7 Z(k)eP A L N 20 (ke i2mkA L
k=1 k=1

®)

where V}, and u are bias voltage and electrical gain, respectively.
Afis subcarrier spacing, which is equal to f; /N. The operator
* represents the conjugate operator.

To model the LED nonlinearity, a second-order polynomial
form is used to mimic the measured transfer function (P-U
curve) of the LED as shown in Fig. 3(b), whilst Fig. 3(c) shows
frequency response of the LED-based VLC link. The intensity
of the optical signal from the LED is then written as [34]

p(t) = by2*(t) + by z(t) + by )
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In the frequency domain, Eq. (9) can be derived as

u(01 2 Vb u? 2
U2 1y 4 2 [y, 2m)2 ()
P(kAF) = +2%,, Zm)Z*(1)], ke (0,N/2—1]
“2462 Se, Z(m)Z(1), ke [N/2,N 1)
(Gr,T)={m, I1<m, I<N/2-1 &(m+1)=k)}
Ag={m, 1 <m, I<N/2—-1 &(m—1)=k}

(10)

At the receiver, the optical intensity of the OFDM signal is
linearly converted into electrical current. After the electrical
amplifier and LPF, the spectrum of the continuous signal x(?) as
shown in Fig. 4(a) can be expressed as

X(jQ) = PGR)H () +n(j) (an
where () = 27f. H. is frequency response of the VLC link
including the LED, PD, electrical amplifier and LPFE. P(j() is
spectrum of the optical intensity signal after the LED, which
can be easily derived from Eq. (10). n(j(2) is spectrum of sum
of time-domain shot noise and thermal noise at the receiver.
For simplicity, the time-domain noise is modeled as additive
white Gaussian noise (AWGN) with a variance of o2 [35]. n(j$2)
thus satisfies complex Gaussian distribution. The LPF is used
to partially suppress interferences outside the signal spectrum.
The spectrum of x(m) after ADC in Fig. 4(b) is expressed as

o0

Xa(e) = fs Y X(jwfs + j2mrfs)

r=-—00

(12)

where r is an integer number, and w = Q/f;. The oversam-
pling rate A of 1 ~ 2 at the receiver ADC (f, € [f; ,2f:]) is
considered here. As the first sidelobe of the signal spectrum
X(j§2) contains most power of out-of-band signal, the spectrum
of the continuous-time signal reconstructed with interpolation
in Fig. 4(c) is calculated as follows

1
Y(jQ) = Hi(j2) Y X(jQ+ j2nrf,)

r=-—1

(13)
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where H; (j€) is spectrum of the interpolation filter. In Fig. 4(d),
the spectrum of the resampled signal y(n) can be derived as

Ya(€) = f; Y Hi(jwfi + j27ra f;)

1
> X(jwfi + j2mra f; + j2mr f).

7‘1:71

(14)

If SFO is accurately estimated, f; ~ f; is satisfied. Combin-
ing Egs. (10)—(14), the signal after FFT can be written as

V() = FIHEZ0) + I +np®)]  (5)
i) = "2 g gmw) e

I(k)=>"[P(k+( — ))N)H.(k+ (¥ — i)N) Hy (k — iN)

i=1

+ P(k— (Y —i)N)H(k — (¢ —i)N)H; (k + iN)]

u

+ 4b2 N z(m)Z()+2 " Z(m)Z* (1)
Ty Ak

x H, (k) H, (k) (17)

2
ne(k) =Y [n(k+ (¥ — )N)H; (k — iN)
i=1
+n(k — (¢ —i)N)H; (k + iN)] + n(k)H (k)
(18)

where ¢ = A(1 4+ n). H is system frequency response. / indicates
ICI due to the LED nonlinearity and SFO. nf is received noise
after the SFO compensation in the frequency domain. Therefore,
the SINR on the kth subcarrier is obtained as

[H(k)*E(Z(K)[)
E(I(R)]*) + E(lnr (k)
where the operator E() represents the expectation operator. As
shown in Eqgs. (15)—(19), SINR depends on SFO, oversampling
rate at the receiver, frequency responses of the polynomial in-

terpolators and VLC channel, and LED nonlinearity, which are
discussed in Section III.

SINRy, =

19)

III. NUMERICAL VERIFICATION OF THE DIGITAL
SFO COMPENSATION

Based on the theoretical study of the SFO effect in the OFDM-
based VLC system in the previous section, 16-QAM-OFDM
transmission performance is numerically investigated for veri-
fication of the proposed digital compensation of SFO. To dis-
tinguish the LED nonlinearity effect from the other, simulation
of the OFDM transmission in the AWGN and VLC channels
is carried out in Matlab. For the AWGN channel, a linear LED
is assumed, whilst for the VLC channel the nonlinear LED is
modelled with Eq. (9) [36]. A good agreement between the
measured and simulated P-U curves of the LED is observed
in Fig. 3(b). According to the signal procedure in Fig. 1, the
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received OFDM signal is digitally recovered with the following
parameters: As the increment of the number of subcarriers or
IFFT size would cause not only high PAPR but also increased
DSP complexity, a typical value of 128 is adopted for the IFFT
size. To avoid inter-symbol-interference (ISI), the CP length is
set to 16, which corresponds to 0.64 us at a sampling rate of
25 MHz. The CP period is larger than the inverse of the LED
bandwidth (0.17 us). Pilots on the 12th, 23rd, 34th, and 45th
subcarriers are used to estimate SFO. The sampling frequency
of DAC is fixed at 25 MHz, whilst the bandwidth of OFDM
signal is 12.5 MHz. At the receiver, an ideal electrical LPF is
applied to not only suppress interferences outside the signal
spectrum, but also isolate the aliasing effect due to the LPF for
a fair comparison in improved error vector magnitude (EVM)
performance between simulation and experiment.

Prior to investigation of the OFDM transmission perfor-
mance, key parameters of D (pilot period) and L (number of
symbols for SFO estimation) from Egs. (2)—(3) are optimized
under AWGN in Fig. 5, where SFO = 1000 ppm, A = 1.0. Mean
square error (MSE) of the estimated SFO is used to quantify
the estimation performance. As seen in Fig. 5, the increment of
MSE with increasing L or D for a signal-to-noise ratio (SNR)
of 7 dB or 20 dB when L > 40 or D > 4 is observed. This is
because the estimated phase difference between two pilot sym-
bols exceeds the range [—m, 7], or the start of the drifted FFT
window due to the SFO exceeds the cyclic prefix range. For L <
40 or D < 4, the MSE performance degrades with decreasing L
or D due to the receiver noise. It is noted that the optimum D and
L values (D = 4, L = 40) at minimum MSE of estimated SFO
are less than the theoretical up-limit, D < N/(2N,K,|n|) and
L < Ny /(nNy), where K, is the largest index of pilot subcar-
riers. This can be explained by the phase noise for the optimum
D and limited LED bandwidth for the optimum L. As an exam-
ple, Fig. 5(c) shows estimated SFO as a function of iterations
when L < 40 and D = 4. Due to the noise effect, a relatively
large fluctuation in the estimated SFO is observed for SNR =
7 dB compared with SNR = 20 dB. It is clear to see that the
estimated SFO converges at the real SFO of 1000 ppm when
the number of iterations is larger than or equal to 40. Therefore,
the optimized parameters of L = 40 and D = 4 are used in the
following investigations.

After the optimization of key parameters, investigation of
EVM and SINR performances in the AWGN or VLC channel is
conducted to validate the performance of the digital SFO com-

pensation in Fig. 6, where SFO = 100 ppm and SNR = 28 dB.
For the VLC channel, the characteristics of the LED are shown
in Fig. 3(b) and (c). As seen in Fig. 6, the 4th order polyno-
mial interpolator outperforms the 2nd and 3rd order polynomial
interpolators at an oversampling rate of 1 or 1.5. The EVM cal-
culated with a training sequence is almost consistent with the
SINR calculated from Eq. (19). Fig. 6(a) and (b) shows a sig-
nificantly degraded EVM performance on the high frequency
subcarriers for both cases when A = 1.0. This is because the
imperfect interpolation filter causes out-of-band signal, which
interferes the signal on the high-frequency subcarriers during
the resampling process as shown in Fig. 3(a). Such interfer-
ence can be alleviated by oversampling the received signal at a
relatively high frequency. This is confirmed in Fig. 6(c) and (d)
that the interference on the high-frequency subcarriers disap-
pears when A = 1.5.

In Fig. 6(c), the EVM performance under AWGN on the low-
frequency subcarriers degrades by up to approximately 3 dB and
10 dB for the 2nd and 3rd order polynomial interpolators, re-
spectively. However, for the 4th order polynomial interpolator,
the EVM on each subcarrier is around —28 dB in the AWGN
channel, which indicates a negligible power penalty. This is ex-
plained by the fact that the generated image component in the
low-frequency region for the 4th order polynomial interpolator
is depressed more than that for the 2nd and 3rd order polynomial
interpolators as shown in Fig. 7(a). It is noted that the minimum
EVM in the AWGN channel is approximately 6 dB lower than
that in the VLC channel, which is limited by the LED nonlinear-
ity induced crosstalk. The signal-to-crosstalk ratio (SXR) can
be calculated from Eq. (10). In Fig. 7(b) the calculated SXR lin-
early increases with subcarrier index. The maximum variation
of approximately 3 dB in SXR agrees well with the resultin [34].

By varying the receiver sampling frequency, f;, under the
same condition as Fig. 6, the impact of oversampling rate on
SINR performance is shown in Fig. 8. For both the AWGN
and VLC channel cases, the SINR is improved by increasing
oversampling rate until the maximum SINR is achieved. The
minimum required oversampling rate for the best SINR perfor-
mance using the 4th order interpolator is approximately equal
to 1.3, which is smaller than the 2nd or 3rd order interpola-
tor. Due to orthogonality between adjacent OFDM subcarriers,
there is a fluctuation of <1.3 dB (<0.3 dB) in SINR in the
AWGN (VLC) channel as seen in the inset. Such fluctuation
occurs for a relatively high oversampling rate. As an example,
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SINRs at the oversampling rates of around 1.0, 1.1, 1.2, 1.3, 1.4
and 1.5 are plotted in Fig. 8, where the step size of A is Af/10.
The relatively small fluctuation of SINR for the VLC channel
is due to the LED nonlinearity induced crosstalk between dif-
ferent subcarriers. Therefore, the receiver sampling frequency
is usually set equal to multiple subcarrier spaces for calculation
of SINR in Fig. 8. It is noted that for the AWGN channel, there
is a SINR dip at A = 1.04 because of the shape decrease in the
filter responses near the signal bandwidth as seen in Fig. 3(a).
To investigate the impact of SFO on the EVM performance,
Fig. 9 shows EVM performance as a function of SFO at different
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oversampling rates from 1.0 to 2.0. For the perfect sampling
case when SFO = 0 and A = 1, the EVM values calculated with
different interpolators are —28 dB and —22 dB in the AWGN and
VLC channels, respectively. However, the EVM performance
sharply degrades with increasing absolute value of SFO due to
aliasing effect. This indicates that the EVM performance of the
OFDM signal is sensitive to SFO. By increasing oversampling
rate, the EVM for A = 1.3 or 2 reaches minimum in either
the AWGN or VLC channel. The 4th order interpolator always
performs better than the 2nd and 3rd interpolators, which agrees
very well with the results in Fig. 6. It is noted that the EVM for
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A = 1.3 reaches the best performance as the same as that for A
= 2.0 for |[SFO| < 1000 ppm, whilst the EVM for the 4th order
interpolator remains almost constant for different SFO values.
As seen in Fig. 9(c) and (d), the EVM curves for different
interpolators when A = 1.3 are parallel to each other. Compared

with the 2nd and 3rd order interpolators, the EVM achieved
with the 4th order interpolator in the VLC or AWGN channel is
improved by more than 0.5 dB or 2.5 dB.

Table I shows the computational complexity of different in-
terpolators in terms of numbers of different operations required
to calculate one interpolant [32], [33]. Because the scale by
constant for the 4th order interpolator is 40, the number of
operations (add/subtract/multiply/divide) for the 4th order in-
terpolator is about 3 times that for the 3rd order interpolator.
In addition, the proposed 4th order piecewise polynomial inter-
polator using Farrow structure is essentially based on a finite
impulse response (FIR) filter as described in Eq. (6). The FIR
filters widely used for channel equalization in a single carrier
system can be easily developed for the proposed digital solution
in a real-time system for practical OFDM-VLC applications.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

After the numerical verification of the proposed scheme for
the digital SFO compensation, experimental investigation of the
EVM performance of 16-QAM-OFDM signal is conducted over
a 6-m LED-based VLC link. The 3-dB bandwidth of the LED
is approximately 6 MHz. The experimental setup of the VLC
system is depicted in Fig. 10. Independent clocks are applied
to introduce SFO between the arbitrary waveform generator
(AWG) at the transmitter and digital storage oscilloscope (DSO)
at the receiver. Parameters for the numerical study in Section III
are adopted for signal generation/recovery except those listed in
Table II due to discrete values of sampling clocks at the AWG
or DSO.
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Fig. 10.  Experimental setup of a LED-based VLC system.
TABLE I
PARAMETERS OF DSO AND OFDM SIGNAL
Oversampling f; of DSO Signal bandwidth Bit rate
rate, A (MHz) (MHz) (Mb/s)
1.0 25 12.5 43.8
1.3 25 9.6 33.7
1.5 25 8.3 29.2
1.7 25 7.4 25.7
2.0 50 12.5 43.8

At the transmitter, a 5 x 10°-bit pseudo random binary se-
quence is generated for 16-QAM mapping. Every 40 OFDM
symbols form a data block for the SFO estimation. To identify
start position of the FFT window and the whole sequence, 4
training symbols are inserted at the beginning of the OFDM
sequence for symbol synchronization. The OFDM signal gen-
erated with Matlab is loaded into the AWG (Tektronix 5014C,
14-bit DAC). The electrical OFDM signal from the AWG is
used to drive the LED with a Bias-Tee (ZFBT6GW-FT+-). The
Bias voltage of the LED is 5.75 V, and the peak-to-peak voltage
of the driving signal is 0.4 V [36]. At the receiver, a lens with a
diameter of 10 cm is placed in front of the avalanche photodiode
(APD) to collect light for a high optical gain. The light passing
through a blue filter is then detected by the APD. After an elec-
trical LPF, the received signal is sampled by a digital storage
oscilloscope (DSO, Agilent MSO-X 6004A, 12-bit ADC) for
offline signal recovery. To further reduce the noise and interfer-
ence beyond the signal spectrum, an ideal digital LPF is applied
before the digital SFO compensation. The output of the 10 MHz
reference clock of the AWG is connected to the input of DSO in
order to introduce a precise SFO, which is varied by adjusting
the sampling frequency of the AWG.

As shown in Fig. 11(a) and (b), the constellations of the
received 16-QAM-OFDM signal for relatively large SFO before
the SFO compensation are rotated and dispersed due to the
SFO-induced ICI, crosstalk and receiver noise. In Fig. 11(d),
the constellation after the SFO compensation with the 4th order
interpolator is significantly improved, which is similar to that
for SFO = 0 in Fig. 11(c). This indicates the effectiveness of
the SFO compensation with the proposed scheme.
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Fig. 11.  Constellations of the received 16-QAM-OFDM signal (a)—(c) before
or (d) after SFO compensation. (a)—(c) SFO = 80, 40, 0 ppm, (d) SFO = 80 ppm.
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Fig. 12. (a) EVM performance with the 4th order interpolator, SFO =
100 ppm. (b) Power spectra of the transmitted signal and receivced signal
with (w) or without (w/0) digital LPF.

Fig. 12(a) shows EVM performance on each subcarrier us-
ing the 4th order interpolator. When A = 1.0, the EVM starts to
sharply degrade from the 30th to the last subcarrier. Such trend is
the same as that in Fig. 6(b). The relatively high EVM on subcar-
riers 1-3 is because of the low frequency distortion of electrical
components (Bias-Tee) in the VLC link. From the comparison
between power spectra of the transmitted and received signals in
Fig. 12(b), the LED nonlinearity induced extra high frequency
components are observed, which is about 25 dB lower than the
power of the last subcarrier. The measured nonlinearity-induced
interference agrees well with the calculated SXR in Fig. 7(b).
Owing to the imperfect electrical LPF with a 3-dB cut-off fre-
quency of 10 MHz (or 15 MHz) for A = 1.3 (or 2.0), the new
frequency components beyond the signal bandwidth (12.5 MHz)
cause interference on OFDM subcarriers. Therefore, the EVM
for 1 = 1.3 (or 2.0) slowly degrades with subcarrier index in
Fig. 12(a).
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To gain a better understanding of the performance of the dig-
ital SFO compensation, Fig. 13(a) shows the measured EVM at
different oversampling rates with the 4th order interpolator. The
best EVM of approximately —24 dB is achieved at an oversam-
pling rate of >1.3, which confirms the theoretical prediction in
Figs. 8 and 9. The slight variation in EVM for A > 1.3 is due
to different bandwidth of the OFDM signals in the experiment.
Since the signal with relatively small bandwidth attenuates less
than that with relatively large bandwidth, the EVM for A = 1.3,
1.5 or 1.7 is slightly lower than that for A = 1.0 or 2.0 when SFO
= 0 ppm. All the EVM values for A > 1.3 are below —16.6 dB,
which corresponds to a bit error rate of 10~3 for 16-QAM.

The EVM comparison between the 2nd, 3rd and 4th order
polynomial interpolators is shown in Fig. 13(b). For A = 1.3 the
EVM with the 4th order interpolator is improved by ~0.5 dB
(~1.5 dB) as compared with the 2nd (3rd) order interpolator,
which is constant with the improvement in SINR in Fig. 8(b) and
in EVM in Fig. 9(d). The relatively small improvement in EVM
with the the 4th order intertoplator is observed in Fig. 13(c)
when A = 2.0. This can be explained by the fact that the SINR
difference between the 4th and 2nd/3rd order interpolators be-
comes small for relatively high oversampling rate in Fig. 8(b).
The EVM for SFO # 0 is almost equal to that for SFO = 0. The
above experimental results agree very well with the numerical
results. This confirm again that the proposed scheme of the SFO
compensation using the 4th order interpolator can be used to
effectively compensate a local oscillator frequency offset up to
41000 ppm in an OFDM-based VLC system with a minimum
oversampling rate of 1.3 at the receiver.

V. CONCLUSION

Analytical study has been made of the combined LED non-
linear and aliasing effect during the digital process of the SFO
compensation in an OFDM-based VLC system with practical
LEDs. From the practical system design point of view, a 4th
order piecewise polynomial interpolator using Farrow structure
has been proposed to digitally compensate SFO between the
transmitter and receiver oscillators. Based on a second-order
polynomial nonlinear LED model, theoretical investigation has
been conducted on the impact of both the LED nonlinearity and
SFO-induced ICI on SINR of the received OFDM signal. With
the optimized parameters for SFO estimation, it has been shown
that the minimum required oversampling rate for achieving the
maximum SINR using the 4th order interpolator is reduced

by approximately 15% and 50% in either the AWGN or VLC
channel compared to the 2nd and 3rd order interpolators, re-
spectively. Such an improvement can relax the sampling speed
and accuracy requirement for DACs/ADCs. Both numerical and
experiment results have shown that the proposed scheme can be
used to effectively compensate a local oscillator frequency off-
set up to £1000 ppm at a minimum oversampling rate of 1.3
in an OFDM-based VLC system. The EVM with the 4th order
interpolator is improved by ~0.5 dB (~1.5 dB) as compared
with the 2nd (3rd) order interpolator.
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